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Chapter 1 

INTRODUCTION AND BASIC CONCEPTS 


Thermodynamics and Heat Transfer 


1-1C Thermodynamics deals with the amount of heat transfer as a system undergoes a process from one 
equilibrium state to another. Heat transfer, on the other hand, deals with the rate of heat transfer as well as 
the temperature distribution within the system at a specified time. 


1-2C (a) The driving force for heat transfer is the temperature difference, (b) The driving force for electric 
current flow is the electric potential difference (voltage), (a) The driving force for fluid flow is the pressure 
difference. 


1-3C The caloric theory is based on the assumption that heat is a fluid-like substance called the "caloric" 
which is a massless, colorless, odorless substance. It was abandoned in the middle of the nineteenth 
century after it was shown that there is no such thing as the caloric. 


1-4C The rating problems deal with the determination of the heat transfer rate for an existing system at a 
specified temperature difference. The sizing problems deal with the determination of the size of a system 
in order to transfer heat at a specified rate for a specified temperature difference. 


1-5C The experimental approach (testing and taking measurements) has the advantage of dealing with the 
actual physical system, and getting a physical value within the limits of experimental error. However, this 
approach is expensive, time consuming, and often impractical. The analytical approach (analysis or 
calculations) has the advantage that it is fast and inexpensive, but the results obtained are subject to the 
accuracy of the assumptions and idealizations made in the analysis. 


1-6C Modeling makes it possible to predict the course of an event before it actually occurs, or to study 
various aspects of an event mathematically without actually running expensive and time-consuming 
experiments. When preparing a mathematical model, all the variables that affect the phenomena are 
identified, reasonable assumptions and approximations are made, and the interdependence of these 
variables are studied. The relevant physical laws and principles are invoked, and the problem is formulated 
mathematically. Finally, the problem is solved using an appropriate approach, and the results are 
interpreted. 


1-7C The right choice between a crude and complex model is usually the simplest model which yields 
adequate results. Preparing very accurate but complex models is not necessarily a better choice since such 
models are not much use to an analyst if they are very difficult and time consuming to solve. At the 
minimum, the model should reflect the essential features of the physical problem it represents. 
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Heat and Other Forms of Energy 

1-8C The rate of heat transfer per unit surface area is called heat flux q . It is related to the rate of heat 
transfer by Q = qdA . 

JA 


1-9C Energy can be transferred by heat, work, and mass. An energy transfer is heat transfer when its 
driving force is temperature difference. 


1-10C Thermal energy is the sensible and latent forms of internal energy, and it is referred to as heat in 
daily life. 


1-11C For the constant pressure case. This is because the heat transfer to an ideal gas is mc p AT at constant 
pressure and mc v AT at constant volume, and c p is always greater than c v . 


1-12 A cylindrical resistor on a circuit board dissipates 0.8 W of power. The amount of heat dissipated in 
24 h, the heat flux, and the fraction of heat dissipated from the top and bottom surfaces are to be 
determined. 

Assumptions Heat is transferred uniformly from all surfaces. 

Analysis (a) The amount of heat this resistor dissipates during a 24-hour period is 


Q = QAt = (0.8 W)(24 h) = 19.2 Wh = 69.1 kj (since 1 Wh = 3600 Ws = 3.6 kJ) 
( b ) The heat flux on the surface of the resistor is 


A =2 


7lD 


c ls = 


2 

kDL- 2 cm ) — i- ;r(0.4cm)(2cm) = 0.251 + 2.513 = 2.764cm 2 


°- 80W = 0.289 W/cm 2 


Q_ = 

A v 2.764 cm 



Resistor 
0.8 W 


(c) Assuming the heat transfer coefficient to be uniform, heat transfer is proportional to the 
surface area. Then the fraction of heat dissipated from the top and bottom surfaces of the 
resistor becomes 


top-base "^top-base 0.251 
Q total ^ 


total 


2.764 


0.091 or (9.1%) 


Discussion Heat transfer from the top and bottom surfaces is small relative to that transferred from the side 
surface. 
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1-13E A logic chip in a computer dissipates 3 W of power. The amount heat dissipated in 8 h and the heat 
flux on the surface of the chip are to be determined. 

Assumptions Heat transfer from the surface is uniform. 

Analysis (a) The amount of heat the chip 
dissipates during an 8-hour period is 

Q = QAt = (3 W)(8 h) = 24 Wh = 0.024 kWh 

( b ) The heat flux on the surface of the chip is 

3 W 


. Q 

q = — = t 

A 0.08 in 2 


= 37.5 W/in 



1-14 The filament of a 150 W incandescent lamp is 5 cm long and has a diameter of 0.5 mm. The heat flux 
on the surface of the filament, the heat flux on the surface of the glass bulb, and the annual electricity cost 
of the bulb are to be determined. 

Assumptions Heat transfer from the surface of the filament and the bulb of the lamp is uniform. 

Analysis (a) The heat transfer surface area and the heat flux on the surface of the filament are 

A s = ttDL = ;r(0.05 cm)(5 cm) = 0.785 cm 2 

= 150 W = 191 W/cm 2 =1.91xl0 6 W/m 2 

A s 0.785 cm 2 

(b) The heat flux on the surface of glass bulb is 

A s - kD 1 = ;r(8 cm) 2 =201.1 cm 2 

q s = — = 150 W , = 0.75 W/cm 2 = 7500 W/m 2 

A s 201.1cm 2 

(c) The amount and cost of electrical energy consumed during a one-year period is 

Electricity Consumption = QAt = (0.15 kW)(365 x 8 h/yr) = 438 kWh/yr 
Annual Cost = (438 kWh/yr)($0.08 / kWh) = $35.04/yr 
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1-15 A 1200 W iron is left on the ironing board with its base exposed to the air. The amount of heat the 
iron dissipates in 2 h, the heat flux on the surface of the iron base, and the cost of the electricity are to be 
determined. 

Assumptions Heat transfer from the surface is uniform. 

Iron 

Analysis (a) The amount of heat the iron dissipates during a 2-h period is 1200 W 


Q = QAt = (1 .2 kW)(2 h) = 2.4 kWh 
( b ) The heat flux on the surface of the iron base is 
2 base = (0.85)(1200 W) = 1020 W 

^base 


C J ~ 


^base 0.015 m 


1020 W = 68,000 W/m 2 


(c) The cost of electricity consumed during this period is 

Cost of electricity = (2.4 kWh) x ($0.07 / kWh) - $0.17 



1-16 A 15 cm x 20 cm circuit board houses 120 closely spaced 0.12 W logic chips. The amount of heat 
dissipated in 10 h and the heat flux on the surface of the circuit board are to be determined. 

Assumptions 1 Heat transfer from the back surface of the board is negligible. 2 Heat transfer from the front 
surface is uniform. 


Analysis (a) The amount of heat this circuit board 
dissipates during a 10-h period is 

Q = (120)(0. 12 W) = 14.4 W 

Q = QAt = (0.0144 kW)(10h) = 0.144kWh 
(b) The heat flux on the surface of the circuit board is 
A, = (0. 15 m)(0.2m)= 0.03 m 2 
Q 14.4 W 


<ls = 


A, 0.03 m 


= 480 W/m 


Chips, 



PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


1-5 


1-17 An aluminum ball is to be heated from 80°C to 200°C. The amount of heat that needs to be 
transferred to the aluminum ball is to be determined. 

Assumptions The properties of the aluminum ball are constant. 

Properties The average density and specific heat of aluminum are 
given to be p = 2700 kg/m 3 and c p = 0.90 kJ/kg-°C. 

Analysis The amount of energy added to the ball is simply the change in its 
internal energy, and is determined from 

^transfer = At/ = me p (T 2 - 7\) 

where 

m = pV = —pD 3 =— (2700 kg/m 3 )(0. 15 m) 3 =4.77 kg 
6 6 

Substituting, 

E transfer = (4.77 kg)(0.90 kJ/kg • °C)(200 - 80)°C = 515 kj 

Therefore, 515 kJ of energy (heat or work such as electrical energy) needs to be transferred to the 
aluminum ball to heat it to 200°C. 


Metal 

ball 



1-18 The body temperature of a man rises from 37°C to 39°C during strenuous exercise. The resulting 
increase in the thermal energy content of the body is to be determined. 


Assumptions The body temperature changes uniformly. 

Properties The average specific heat of the human body is given 
to be 3.6 kJ/kg-°C. 

Analysis The change in the sensible internal energy content of the 
body as a result of the body temperature rising 2°C during 
strenuous exercise is 

AU = mc p AT = (80 kg)(3.6 kJ/kg •°C)(2°C) = 576 kj 
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1-19 An electrically heated house maintained at 22°C experiences infiltration losses at a rate of 0.7 ACH. 
The amount of energy loss from the house due to infiltration per day and its cost are to be determined. 

Assumptions 1 Air as an ideal gas with a constant specific heats at room temperature. 2 The volume 
occupied by the furniture and other belongings is negligible. 3 The house is maintained at a constant 
temperature and pressure at all times. 4 The infiltrating air exfiltrates at the indoors temperature of 22°C. 


Properties The specific heat of air at room temperature is c p = 1.007 kJ/kg*°C. 
Analysis The volume of the air in the house is 


{/ = (floor space)(height) = (200 m 2 )(3 m) = 600 m 3 


Noting that the infiltration rate is 0.7 ACH (air changes per hour) 
and thus the air in the house is completely replaced by the outdoor 
air 0.7x24 =16.8 times per day, the mass flow rate of air through 
the house due to infiltration is 

W . air P 0 (ACHxt/ house ) 

m a ir = = 

RT 0 RT„ 

(89.6 kPa)(16.8x 600m 3 /day) 1101/11 „ 

= = 1 1,314 kg/day 

(0.287 kPa • m 7kg • K)(5 + 273. 15 K) 



Noting that outdoor air enters at 5°C and leaves at 22°C, the energy loss of this house per day is 

^infilt — ^aiA p (^indoors — ^outdoors ) 

= (1 1,3 14 kg/day) ( 1 .007 kJ/kg.°C)(22 - 5)°C = 193,68 1 kJ/day = 53.8 kWh/day 


At a unit cost of $0. 082/kWh, the cost of this electrical energy lost by infiltration is 

Enegy Cost = (Energy used)(Unit cost of energy) = (53.8 kWh/day)($0. 082/kWh) = $4.41/day 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



1-7 


1-20 A house is heated from 10°C to 22°C by an electric heater, and some air escapes through the cracks as 
the heated air in the house expands at constant pressure. The amount of heat transfer to the air and its cost 
are to be determined. 

Assumptions 1 Air as an ideal gas with a constant specific heats at room temperature. 2 The volume 
occupied by the furniture and other belongings is negligible. 3 The pressure in the house remains constant 
at all times. 4 Heat loss from the house to the outdoors is negligible during heating. 5 The air leaks out at 
22°C. 


Properties The specific heat of air at room temperature is c p = 1.007 kJ/kg °C. 
Analysis The volume and mass of the air in the house are 

1/ = (floor space)(height) = (200 m 2 )(3 m) = 600 m 3 

PV (101.3 kPa)(600m 3 ) 

m = = = 747.9 kg 

RT (0.287 kPa • nrVkg • K)(10 + 273.15 K) 

Noting that the pressure in the house remains constant during heating, 
the amount of heat that must be transferred to the air in the house as it is 
heated from 10 to 22°C is determined to be 



Q = me p (T 2 -T x ) = (747.9 kg)( 1. 007 kJ/kg- °C)(22-10)°C = 9038 kj 


Noting that 1 kWh = 3600 kJ, the cost of this electrical energy at a unit cost of $0. 075/kWh is 
Enegy Cost = (Energy used)(Unit cost of energy) = (9038 / 3600 kWh) ($0. 075/kWh) = $0.19 


Therefore, it will cost the homeowner about 19 cents to raise the temperature in his house from 10 to 22°C. 


1-21E A water heater is initially filled with water at 45°F. The amount of energy that needs to be 
transferred to the water to raise its temperature to 120°F is to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats at room temperature. 2 
No water flows in or out of the tank during heating. 


Properties The density and specific heat of water are given to be 
62 lbm/ft 3 and 1.0 Btu/lbm°F. 


Analysis The mass of water in the tank is 


m- pi/ - (62 lbm/ft 3 )(60 gal) 


' 1ft 3 N 
7.48 gal 


= 497.3 lbm 


Then, the amount of heat that must be transferred to the water 
in the tank as it is heated from 45 tol 120°F is determined to be 

Q = me p (T 2 —T\) = (497.3 lbm)(1.0 Btu/lbm-°F)(120-45)°F = 37,300 Btu 


120°F 

/ 

45°F 

Water 


v v 
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Energy Balance 


1-22C Warmer. Because energy is added to the room air in the form of electrical work. 

1-23C Warmer. If we take the room that contains the refrigerator as our system, we will see that electrical 
work is supplied to this room to run the refrigerator, which is eventually dissipated to the room as waste 
heat. 


1-24 Two identical cars have a head-on collusion on a road, and come to a complete rest after the crash. 

The average temperature rise of the remains of the cars immediately after the crash is to be determined. 

Assumptions 1 No heat is transferred from the cars. 2 All the kinetic energy of cars is converted to thermal 
energy. 

Properties The average specific heat of the cars is given to be 0.45 kJ/kg-°C. 

Analysis We take both cars as the system. This is a closed system since it involves a fixed amount of mass 
(no mass transfer). Under the stated assumptions, the energy balance on the system can be expressed as 





Net energy transfer 
by heat, work, and mass 


A F 

system 

V J 

V 

Change in internal, kinetic, 
potential, etc. energies 


0 = AU 


cars 


+ AKE 


cars 


0 = (mc p AT) cals + |>n(0 - V 2 ) / 2] cars 


That is, the decrease in the kinetic energy of the cars must be equal to the increase in their internal energy. 
Solving for the velocity and substituting the given quantities, the temperature rise of the cars becomes 


AT = 


mV 2 / 2 V 2 / 2 (90,000/ 3600 m/s) 2 !2 ( lkJ/kg 

mc D c n 0.45 kJ/kg.°C U000m 2 /s 


= 0.69°C 
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1-25 A classroom is to be air-conditioned using window air-conditioning units. The cooling load is due to 
people, lights, and heat transfer through the walls and the windows. The number of 5-kW window air 
conditioning units required is to be determined. 

Assumptions There are no heat dissipating equipment (such as computers, TVs, or ranges) in the room. 
Analysis The total cooling load of the room is determined from 


Gcooling Glights Gpeople + Gheatgain 


where 

e lights = 10 x 100 W = 1 kW 
Gpeopie = 40 x 360kJ/h = 14,400 kJ/h = 4kW 
Gheatgain = 15,000 kJ/h = 4. 17 kW 


Substituting, g cooling = 1 + 4 + 4.17 = 9. 17kW 


15,000 kJ/h 


Room 
40 people 
10 bulbs 



Thus the number of air-conditioning units required is 


9.17 kW 
5 kW/unit 


1.83 >2 units 


1-26 A resistance heater is to raise the air temperature in the room from 7 to 25°C within 15 min. The 
required power rating of the resistance heater is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. This assumption results in negligible 
error in heating and air-conditioning applications. 4 Heat losses from the room are negligible. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). Also, c p = 1.007 kJ/kg-K for air 
at room temperature (Table A- 15). 

Analysis We observe that the pressure in the room remains constant during this process. Therefore, some 
air will leak out as the air expands. However, we can take the air to be a closed system by considering the 
air in the room to have undergone a constant pressure expansion process. The energy balance for this 
steady-flow system can be expressed as 


R in E out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Change in internal, kinetic, 
potential, etc. energies 


W eJn -W b = A U 


W eM = A H= m(h 2 -) h ) = me p (T 2 - 7, ) 


or W e mAt = mc pavg (T 2 -T l ) 

The mass of air is 

1/ = 4x5x6 = 120m 3 

P X V (100kPa)(120m 3 ) 1/m „, 

m = = = 149.3kg 

RT X (0.287kPa • m 3 /kg • K)(280K) 



Using c p value at room temperature, the power rating of the heater becomes 
W e in = (149.3 kg)( 1.007 kJ/kg • °C)(25 - 7)°C/(15 x 60 s) = 3.01 kW 
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1-27 A room is heated by the radiator, and the warm air is distributed by a fan. Heat is lost from the room. 
The time it takes for the air temperature to rise to 20°C is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. This assumption results in negligible 
error in heating and air-conditioning applications. 4 The local atmospheric pressure is 100 kPa. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg.K (Table A-l). Also, c p = 1.007 kJ/kg-K and c v = 
0.720 kJ/kg-K for air at room temperature (Table A- 15). 

Analysis We take the air in the room as the system. This is a closed system since no mass crosses the 
system boundary during the process. We observe that the pressure in the room remains constant during this 
process. Therefore, some air will leak out as the air expands. However we can take the air to be a closed 
system by considering the air in the room to have undergone a constant pressure process. The energy 
balance for this system can be expressed as 


E in ^ out 


A F 

system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q in +W e , in -W b -Q out =A u 

( Qin + w e,m ~ Qout )At = AH = m(h 2 - h x ) = mc p (T 2 -T t ) 
The mass of air is 


{/ = 4x5x7 = 140m' 


m = 


py 


(100 kPa)(140 m 3 ) 


RT X (0.287 kPa • m Vkg • K)(283 K) 
Using the c p value at room temperature, 


= 172.4 kg 



[(12,500 -5000)/3600 kJ/s + 0.1 kJ/s]Af = (172.4 kg)(1.007 kJ/kg •°C)(20-10)°C 


It yields 


At = 795 s = 13.3 min 
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1-28 A student living in a room turns his 150-W fan on in the morning. The temperature in the room when 
she comes back 10 h later is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. This assumption results in negligible 
error in heating and air-conditioning applications. 4 All the doors and windows are tightly closed, and heat 
transfer through the walls and the windows is disregarded. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). Also, c p = 1.007 kJ/kg-K for air 
at room temperature (Table A- 15) and c v = c p - R = 0.720 kJ/kg-K. 

Analysis We take the room as the system. This is a closed system since the doors and the windows are said 
to be tightly closed, and thus no mass crosses the system boundary during the process. The energy balance 
for this system can be expressed as 


E in E out 

V, J 

V 

Net energy transfer 
by heat, work, and mass 



Change in internal, kinetic, 
potential, etc. energies 


W eM = A U 


W eM = m(u 2 -Mj) = mc v (T 2 -T t ) 


The mass of air is 


t/ = 4x6x6 = 144 m 3 

PV (100 kPa)(144 m 3 ) 

m — = 

RT X (0.287 kPa • m 3 /kg • K)(288 K) 


174.2 kg 


The electrical work done by the fan is 

W e = W e At = (0.15 kJ/s)(10 x3600 s) = 5400 kJ 


(insulated) 

ROOM 

4 m x 6 m x 6 m 



Substituting and using c„ value at room temperature, 

5400 kJ = (174.2 kg)(0.720 kJ/kg-°C)(r 2 - 15)°C -> T 2 = 58.1°C 


1-29 It is observed that the air temperature in a room heated by electric baseboard heaters remains constant 
even though the heater operates continuously when the heat losses from the room amount to 7000 kJ/h. The 
power rating of the heater is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141 °C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 The temperature of the room remains constant during this process. 

Analysis We take the room as the system. The energy balance in this case reduces to 


E in E oi,t 


A E 


system 


Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W eJn -Q out =AU=0 
W =0 

e,in ^ out 

since A U = mcjAT = 0 for isothermal processes of ideal gases. Thus, 

lkW 


W eJn = Q out = 7000kJ/h 


A 


3600kJ/h 


= 1.94 kW 
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1-30 A room is heated by an electrical resistance heater placed in a short duct in the room in 15 min while 
the room is losing heat to the outside, and a 300-W fan circulates the air steadily through the heater duct. 
The power rating of the electric heater and the temperature rise of air in the duct are to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. This assumption results in 
negligible error in heating and air-conditioning applications. 3 Heat loss from the duct is negligible. 4 The 
house is air-tight and thus no air is leaking in or out of the room. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). Also, c p = 1.007 kJ/kg-K for air 
at room temperature (Table A- 15) and c v = c p — R = 0.720 kJ/kg-K. 

Analysis (a) We first take the air in the room as the system. This is a constant volume closed system since 
no mass crosses the system boundary. The energy balance for the room can be expressed as 


E in E out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


W ■ +w f • 

e,in ran, in 


Gout =AI/ 


(W • +w f • 

e.in tan, in 


e.in ' ■•tan, in Gout ) Ar = m(u 2 ~ U x ) = me v (J 2 ~ C ) 
The total mass of air in the room is 


1/ =5x6x8 m 3 = 240 m 3 

PV (98 kPa)(240 m 3 ) 

m — = 

RT X (0.287 kPa • m 3 /kg • K)(288 K) 


284.6 kg 



Then the power rating of the electric heater is determined to be 
A in = Gout - ^fan,in + mC u (C -Tj) / At 

= (200/60 kJ/s) - (0.3 kJ/s) + (284.6 kg)(0.720 kJ/kg • °C)(25 -15°C)/(18 x 60 s) = 4.93 kW 

( b ) The temperature rise that the air experiences each time it passes through the heater is determined by 
applying the energy balance to the duct, 


E in = E out 


710 


w e , in + w fan in + mh x = Gout + tilh 2 (since Ake = Ape = 0) 
^e.in +^fan,in = >ilAh = »IC p AT 


Thus, 


AT = 


W +W f ■ 

T e,in r tan, in 


(4.93 + 0.3)kJ/s 


me 


p 


(50/60 kg/s) (1.007 kJ/kg-K) 


= 6.2°C 
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1-31 The resistance heating element of an electrically heated house is placed in a duct. The air is moved by 
a fan, and heat is lost through the walls of the duct. The power rating of the electric resistance heater is to 
be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. This assumption results in negligible 
error in heating and air-conditioning applications. 

Properties The specific heat of air at room temperature is c p = 1.007 kJ/kg-°C (Table A- 15). 

Analysis We take the heating duct as the system. This is a control volume since mass crosses the system 
boundary during the process. We observe that this is a steady-flow process since there is no change with 
time at any point and thus A m cv = 0 and A E cv = 0 . Also, there is only one inlet and one exit and thus 

n\ - m 2 = m . The energy balance for this steady-flow system can be expressed in the rate form as 


rp — J7 
^ in ^ out 

\ j 

V 

Rate of net energy transfer 
by heat, work, and mass 


A F 710 ( steady) - 0 — » F = E 

LAL ' system m l, { 

\ j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^e.in + tffanjn + = Gout + >" h 2 ( since Ake = A P C = 0) 


tf c ,in = Gout -Wfanun +™p(T 2 -T x ) 


Substituting, the power rating of the heating element is determined to be 
W e in = (0.25 kW)- (0.3 kW) + (0.6 kg/s)( 1.007 kJ/kg •°C)(5°C) 

= 2.97 kW 
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1-32 Air is moved through the resistance heaters in a 1200-W hair dryer by a fan. The volume flow rate of 
air at the inlet and the velocity of the air at the exit are to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. 4 The power consumed by the fan 
and the heat losses through the walls of the hair dryer are negligible. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). Also, c p = 1.007 kJ/kg-K for air 
at room temperature (Table A- 15). 

Analysis ( a ) We take the hair dryer as the system. This is a control volume since mass crosses the system 
boundary during the process. We observe that this is a steady-flow process since there is no change with 
time at any point and thus A m cv = 0 and A E cv = 0 , and there is only one inlet and one exit and thus 

m x - m 2 = m . The energy balance for this steady-flow system can be expressed in the rate form as 


E in E ou t 


A E 


710 (steady) 


system 


- 0 -> E in E out 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

A,in + W fan , in 710 + mh x = Q out 710 + mh 2 (since Ake = Ape = 0) 


Ain =mc (T 2 -7|) 


Thus, 


m = 


W 

r e,in 


A -A 


c 


1.2 kJ/s 


(1.007 kJ/kg • °C)(47 - 22)°C 


= 0.04767 kg/s 


= 47°C 
= 60 cm 2 

AA/VWVA 

II 

1 Pi = 100 kPa 
1 T x = 22°C 

/ 

v - 1 

1 



1200 W 


Then, 


RT X (0.287 kPa • nr /kg • K)(295 K) n 3/1 

i/j = = = 0.8467 m /kg 


P 


100 kPa 


V x = mu x = (0.04767 kg/s)(0.8467m 3 /kg) = 0.0404 m 3 /s 

(b) The exit velocity of air is determined from the conservation of mass equation, 

RT 2 (0.287 kPa-m7kg-K)(320K) nnloa 
v 2 = ^ ^ = 0.9184 m /kg 


m = 


P, 


100 kPa 




a 2 v 2 


^y 2 = 


mo 2 (0.04767 kg/s)(0.9184 m 3 /kg) 


A' 


60x 10 _4 m 2 


= 7.30 m/s 
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1-33 The ducts of an air heating system pass through an unheated area, resulting in a temperature drop of 
the air in the duct. The rate of heat loss from the air to the cold environment is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. This assumption results in negligible 
error in heating and air-conditioning applications. 

Properties The specific heat of air at room temperature is c p = 1.007 kJ/kg-°C (Table A- 15). 

Analysis We take the heating duct as the system. This is a control volume since mass crosses the system 
boundary during the process. We observe that this is a steady-flow process since there is no change with 
time at any point and thus A m cv = 0 and AE CW = 0 . Also, there is only one inlet and one exit and thus 

m x = m 2 = m . The energy balance for this steady-flow system can be expressed in the rate form as 


E in ~ E ou, 


A 17 (steady) 

system 


0 E in ~ E out 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

mh x - Q out + mh 2 (since Ake = Ape = 0) 
2 out =mc p (T \ -T 2 ) 

Substituting, 


90 kg/min AIR 




0 


Q oul = me p AT = (90 kg/min Xl .007 kJ/kg • °CX 3 ° C ) = 272 kJ/min 
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1-34E Air gains heat as it flows through the duct of an air-conditioning system. The velocity of the air at 
the duct inlet and the temperature of the air at the exit are to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -222°F and 548 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape 
= 0. 3 Constant specific heats at room temperature can be used for air. This assumption results in negligible 
error in heating and air-conditioning applications. 

Properties The gas constant of air is R = 0.3704 psia-ft 3 /lbm-R (Table A- IE). Also, c p = 0.240 Btu/lbm-R 
for air at room temperature (Table A-15E). 

Analysis We take the air-conditioning duct as the system. This is a control volume since mass crosses the 
system boundary during the process. We observe that this is a steady-flow process since there is no change 
with time at any point and thus A m cv = 0 and A E cv = 0 , there is only one inlet and one exit and thus 

m x = m 2 = m , and heat is lost from the system. The energy balance for this steady-flow system can be 
expressed in the rate form as 


T7 _ ir — a Z7 71 0 (steady) _ 77 _ t? 

p in ^ out ~ system ^ ^ in ~ A 

^ v 7 V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Q m + mhy = mh 2 (since Ake = Ape = 0) 4 50 f t 3 / m in 

Q m = me p (T 2 -7,) 

(a) The inlet velocity of air through the duct is determined from 




AIR 


2 Btu/s 


Ei = 


i/j _ {/ x _ 450 ft 3 /min 
A, mr 2 ^-(5 /12 ft) 2 


= 825 ft/min 


A 

D= 10 in 

V 


( b ) The mass flow rate of air becomes 


RT X (0.3704 psia-ft 3 /lbm-R)(510R) 10 ^ 3/1U 

(/. = = = 12.6 ft /lbm 

P^ 15 psia 


m = 


0 X _ 450 ft 3 /min 
12.6 ft 3 /lbm 


= 35.7 lbm/min = 0.595 lbm/s 


Then the exit temperature of air is determined to be 


T 2 =r + 


Gin 


me 


p 


50°F 


2 Btu/s 

(0.595 lbm/s)(0.240 Btu/lbm-°F) 


64.0°F 
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1-35 Water is heated in an insulated tube by an electric resistance heater. The mass flow rate of water 
through the heater is to be determined. 

Assumptions 1 Water is an incompressible substance with a constant specific heat. 2 The kinetic and 
potential energy changes are negligible, Ake = Ape = 0. 3 Heat loss from the insulated tube is negligible. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg-°C. 

Analysis We take the tube as the system. This is a control volume since mass crosses the system boundary 
during the process. We observe that this is a steady-flow process since there is no change with time at any 
point and thus A m cv = 0 and A E cv = 0 , there is only one inlet and one exit and thus m x - m 2 = m , and 

the tube is insulated. The energy balance for this steady-flow system can be expressed in the rate form as 


77 — T7 

^ in ^ out 


at? 71 0 (steady) 
system 


- 0 -» E in - E out 


Rate of net energy transfer Rate 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

We in + - ™h 2 (since Ake = Ape = 0) 

^e.in =mCp(T , , -T x ) 


Thus, 


m = 


W 

r e,in 


7 kJ/s 


c ,A T 2 -T\) (4.18 kJ/kg - o C)(70-15)°C 


= 0.0304 kg/s 


WATER 

15°C > 70°C 

rAWWWi 


A 7 kW 
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Heat Transfer Mechanisms 

1-36C The house with the lower rate of heat transfer through the walls will be more energy efficient. Heat 
conduction is proportional to thermal conductivity (which is 0.72 W/m.°C for brick and 0.17 W/m.°C for 
wood, Table 1-1) and inversely proportional to thickness. The wood house is more energy efficient since 
the wood wall is twice as thick but it has about one-fourth the conductivity of brick wall. 


1-37C The thermal conductivity of a material is the rate of heat transfer through a unit thickness of the 
material per unit area and per unit temperature difference. The thermal conductivity of a material is a 
measure of how fast heat will be conducted in that material. 


1-38C The mechanisms of heat transfer are conduction, convection and radiation. Conduction is the 
transfer of energy from the more energetic particles of a substance to the adjacent less energetic ones as a 
result of interactions between the particles. Convection is the mode of energy transfer between a solid 
surface and the adjacent liquid or gas which is in motion, and it involves combined effects of conduction 
and fluid motion. Radiation is energy emitted by matter in the form of electromagnetic waves (or photons) 
as a result of the changes in the electronic configurations of the atoms or molecules. 


1-39C In solids, conduction is due to the combination of the vibrations of the molecules in a lattice and the 
energy transport by free electrons. In gases and liquids, it is due to the collisions of the molecules during 
their random motion. 


1-40C The parameters that effect the rate of heat conduction through a windowless wall are the geometry 
and surface area of wall, its thickness, the material of the wall, and the temperature difference across the 
wall. 


1-41C Conduction is expressed by Fourier's law of conduction as <2 cond = - kA — where dT/dx is the 

dx 

temperature gradient, k is the thermal conductivity, and A is the area which is normal to the direction of 
heat transfer. 

Convection is expressed by Newton's law of cooling as <2 conv = hA s (T s — T^) where h is the 
convection heat transfer coefficient, A s is the surface area through which convection heat transfer takes 
place, T s is the surface temperature and T is the temperature of the fluid sufficiently far from the surface. 

Radiation is expressed by Stefan-Boltzman law as Q rad = soA s (T v 4 — r s 4 rr ) where s is the 
emissivity of surface, A s is the surface area, T s is the surface temperature, T surr is the average surrounding 

o n A 

surface temperature and a = 5.67 x 10 W/m • K is the Stefan-Boltzman constant. 

1-42C Convection involves fluid motion, conduction does not. In a solid we can have only conduction. 
1-43C No. It is purely by radiation. 

1-44C In forced convection the fluid is forced to move by external means such as a fan, pump, or the 
wind. The fluid motion in natural convection is due to buoyancy effects only. 
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1-45C Emissivity is the ratio of the radiation emitted by a surface to the radiation emitted by a blackbody 
at the same temperature. Absorptivity is the fraction of radiation incident on a surface that is absorbed by 
the surface. The Kirchhoff s law of radiation states that the emissivity and the absorptivity of a surface are 
equal at the same temperature and wavelength. 


1-46C A blackbody is an idealized body which emits the maximum amount of radiation at a given 
temperature and which absorbs all the radiation incident on it. Real bodies emit and absorb less radiation 
than a blackbody at the same temperature. 


1-47C No. Such a definition will imply that doubling the thickness will double the heat transfer rate. The 
equivalent but “more correct” unit of thermal conductivity is W-m/m °C that indicates product of heat 
transfer rate and thickness per unit surface area per unit temperature difference. 


1-48C In a typical house, heat loss through the wall with glass window will be larger since the glass is 
much thinner than a wall, and its thermal conductivity is higher than the average conductivity of a wall. 


1-49C Diamond is a better heat conductor. 


1-50C The rate of heat transfer through both walls can be expressed as 


Swood ^wood^ 


r, -n 


r, -t. 


L 


= (0. 16 W/m • °C)A = 1 .bMT^ - T 2 ) 


wood 


0.1m 


Gbrick - Shriek A - (0.72 W/m • °C)A J-E 

0.25 m 


-^brick 


= 2.88A(T 1 -T 2 ) 


where thermal conductivities are obtained from Table A-5. Therefore, heat transfer through the brick wall 
will be larger despite its higher thickness. 


1-51C The thermal conductivity of gases is proportional to the square root of absolute temperature. The 
thermal conductivity of most liquids, however, decreases with increasing temperature, with water being a 
notable exception. 


1-52C Superinsulations are obtained by using layers of highly reflective sheets separated by glass fibers in 
an evacuated space. Radiation heat transfer between two surfaces is inversely proportional to the number 
of sheets used and thus heat loss by radiation will be very low by using this highly reflective sheets. At the 
same time, evacuating the space between the layers forms a vacuum under 0.000001 atm pressure which 
minimize conduction or convection through the air space between the layers. 


1-53C Most ordinary insulations are obtained by mixing fibers, powders, or flakes of insulating materials 
with air. Heat transfer through such insulations is by conduction through the solid material, and 
conduction or convection through the air space as well as radiation. Such systems are characterized by 
apparent thermal conductivity instead of the ordinary thermal conductivity in order to incorporate these 
convection and radiation effects. 


1-54C The thermal conductivity of an alloy of two metals will most likely be less than the thermal 
conductivities of both metals. 
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1-55 The inner and outer surfaces of a brick wall are maintained at 
specified temperatures. The rate of heat transfer through the wall is to be 
determined. 

Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the wall remain constant at the specified values. 2 
Thermal properties of the wall are constant. 

Properties The thermal conductivity of the wall is given to 
be k = 0.69 W/m-°C. 


Analysis Under steady conditions, the rate of heat 
transfer through the wall is 

2x (20-5)°C 


20 ° 


a nr 

Gcond =kA— = ( 0.69 W/m-°C)(4x7m z ) 
L 


0.3 m 


= 966 W 



5°C 


1-56 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount 
of heat transfer through the glass in 5 h is to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain 
constant at the specified values. 2 Thermal properties of the glass are constant. 


Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C. 

Analysis Under steady conditions, the rate of heat transfer 
through the glass by conduction is 

AT 110 — 31°C 

Gcond = kA = (0.78 W/m • °C)(2 x 2 m 2 ) — = 4368 W 

L 0.005m 

Then the amount of heat transfer over a period of 5 h becomes 

10°C 

Q = 2cond A? = (4.368 kJ/s)(5x 3600s) = 78,620 kj 

If the thickness of the glass doubled to 1 cm, then the amount of heat 
transfer will go down by half to 39,310 kj. 



Glass 


3°C 
0.5 cm 
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1-57 EES Prob. 1-56 is reconsidered. The amount of heat loss through the glass as a function of the 
window glass thickness is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.005 [m] 

A=2*2 [m A 2] 

T 1 =10 [C] 

T_2=3 [C] 
k=0.78 [W/m-C] 
time=5*3600 [s] 

"ANALYSIS" 

Q_dot_cond=k*A*(T_1 -T_2)/L 
Q_cond=Q_dot_cond*time*Convert(J, kJ) 


L [m] 

Qcond [kJl 

0.001 

393120 

0.002 

196560 

0.003 

131040 

0.004 

98280 

0.005 

78624 

0.006 

65520 

0.007 

56160 

0.008 

49140 

0.009 

43680 

0.01 

39312 
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1-58 Heat is transferred steadily to boiling water in the pan through its bottom. The inner surface 
temperature of the bottom of the pan is given. The temperature of the outer surface is to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the pan remain constant 
at the specified values. 2 Thermal properties of the aluminum pan are constant. 

Properties The thermal conductivity of the aluminum is given to be k = 237 W/m-°C. 

Analysis The heat transfer area is 

A = nr 1 = /r(0.075 m) 2 = 0.0177 m 2 

Under steady conditions, the rate of heat transfer through the bottom of the pan by conduction is 



1-59E The inner and outer surface temperatures of the wall of an electrically heated home during a winter 
night are measured. The rate of heat loss through the wall that night and its cost are to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant 
at the specified values during the entire night. 2 Thermal properties of the wall are constant. 

Properties The thermal conductivity of the brick wall is given to be k = 0.42 Btu/h-ft-°F. 

Analysis ( a ) Noting that the heat transfer through the wall is by conduction and the surface area of the wall 
is A = 20 ft x 10 ft = 200 ft , the steady rate of heat transfer through the wall can be determined from 

Q = kA T ill. = (0.42 Btu/h.ft.°F)(200 ft 2 ) (62 ~ 25) F = 3108 Btu/h 
L 1ft 

or 0.91 1 kW since 1 kW = 3412 Btu/h. 

(b) The amount of heat lost during an 8 hour period and its cost are 

Q = QAt = (0.911kW)(8h) = 7.288 kWh 

Cost = (Amount of energy)(Unit cost of energy) 

= (7.288 kWh)($0. 07/kWh) 

= $ 0.51 

Therefore, the cost of the heat loss through the wall to the home owner that night is $0.51. 
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1-60 The thermal conductivity of a material is to be determined by ensuring one-dimensional heat 
conduction, and by measuring temperatures when steady operating conditions are reached. 

Assumptions 1 Steady operating conditions exist since the temperature readings do not change with time. 
2 Heat losses through the lateral surfaces of the apparatus are negligible since those surfaces are well- 
insulated, and thus the entire heat generated by the heater is conducted through the samples. 3 The 
apparatus possesses thermal symmetry. 


Analysis The electrical power consumed by the heater and converted to heat is 
W e = VI = (1 10 V)(0.6 A) = 66 W 
The rate of heat flow through each sample is 



66 W 
2 


= 33 W 


Then the thermal conductivity of the sample becomes 


jg 1= »(0.04m) =aool257m . 


4 


Q = kA 


AT 


L 


4 


->k = 


QL (33 W)(0.03 m) 
AAT (0.001257 m 2 )(10°C) 


= 78.8 W/m.°C 



1-61 The thermal conductivity of a material is to be determined by ensuring one-dimensional heat 
conduction, and by measuring temperatures when steady operating conditions are reached. 


Assumptions 1 Steady operating conditions exist since the temperature readings do not change with time. 
2 Heat losses through the lateral surfaces of the apparatus are negligible since those surfaces are well- 
insulated, and thus the entire heat generated by the heater is conducted through the samples. 3 The 
apparatus possesses thermal symmetry. 


Analysis For each sample we have 
Q = 25/2 = 12.5 W 

A = (0.1 m)(0.1 m) = 0.01 m 2 
AT = 82 -74 = 8°C 


Then the thermal conductivity of the material becomes 


Q 



>k = 


QL 

AAT 


(12.5 W)(0.005m) 
(0.01 m 2 )(8°C) 


0.781 W/m.°C 
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1-62 The thermal conductivity of a material is to be determined by ensuring one-dimensional heat 
conduction, and by measuring temperatures when steady operating conditions are reached. 


Assumptions 1 Steady operating conditions exist since the temperature readings do not change with time. 
2 Heat losses through the lateral surfaces of the apparatus are negligible since those surfaces are well- 
insulated, and thus the entire heat generated by the heater is conducted through the samples. 3 The 
apparatus possesses thermal symmetry. 


Analysis For each sample we have 
Q = 20/2 = 10 W 

A = (0.1 m)(0.1 m) = 0.01 m 2 
AT = 82-74 = 8°C 

Then the thermal conductivity of the material becomes 

Q = kA — » k=-®^= a0 W)(0 - 005 m) = q. 625 W/m • °C 

L AAT (0.01 m 2 )(8°C) 



Q 


1-63 The thermal conductivity of a refrigerator door is to be determined by 
measuring the surface temperatures and heat flux when steady operating 
conditions are reached. 

Assumptions 1 Steady operating conditions exist when measurements are 
taken. 2 Heat transfer through the door is one dimensional since the 
thickness of the door is small relative to other dimensions. 


Analysis The thermal conductivity of the door material is determined 
directly from Fourier’s relation to be 


q-k 


AT 

L 


->k = 


qL (25 W/m 2 )(0.03 m) 


AT 


(15-7)°C 


= 0.09375 W/m °C 


15°C 



Door 


k 

7°C 

L = 3 cm 


1-64 The rate of radiation heat transfer between a person and the surrounding surfaces at specified 
temperatures is to be determined in summer and in winter. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by convection is not considered. 3 The 
person is completely surrounded by the interior surfaces of the room. 4 The surrounding surfaces are at a 
uniform temperature. 

Properties The emissivity of a person is given to be 8 = 0.95 

Analysis Noting that the person is completely enclosed by the surrounding surfaces, the net rates of 
radiation heat transfer from the body to the surrounding walls, ceiling, and the floor in both cases are: 

(a) Summer: T surr = 23+273=296 
Q rad =zcA JT * -T s 4 rr ) 

= (0.95)(5.67 X 10~ 8 W/m 2 .K 4 )(1.6 m 2 )[(32 + 273) 4 - (296 K) 4 ]K 4 

= 84.2 W 

(b) Winter: T sun = 12+273= 285 K 
Q tai =s<jA s (T s *-T * n ) 

= (0.95)(5.67 xl0“ 8 W/m 2 .K 4 )(1.6m 2 )[(32 + 273) 4 -(285 K) 4 ]K 4 

= 177.2 W 

Discussion Note that the radiation heat transfer from the person more than doubles in winter. 
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1-65 EES Prob. 1-64 is reconsidered. The rate of radiation heat transfer in winter as a function of the 
temperature of the inner surface of the room is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


1-25 


"GIVEN" 

T_infinity=(20+273) [K] 

T_surr_winter=(1 2+273) [K] 

T_surr_summer=(23+273) [K] 

A=1 .6 [m A 2] 
epsilon=0.95 
T_s=(32+273) [K] 

"ANALYSIS" 

sigma=5.67E-8 [W/m A 2-K A 4] "Stefan-Boltzman constant" 

Q_dot_rad_summer=epsilon*sigma*A*(T_s A 4-T_surr_summer A 4) 

Q_dot_rad_winter=epsilon*sigma*A*(T_s A 4-T_surr_winter A 4) 


Tsurr, winter [K] 

Qrad, winter [”W] 

281 

208.5 

282 

200.8 

283 

193 

284 

185.1 

285 

177.2 

286 

169.2 

287 

161.1 

288 

152.9 

289 

144.6 

290 

136.2 

291 

127.8 
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1-66 A person is standing in a room at a specified temperature. The rate of heat transfer between a person 
and the surrounding air by convection is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer 
by radiation is not considered. 3 The environment is at a uniform 
temperature. 

Analysis The heat transfer surface area of the person is 
A s = 7rDL= 7i(0.3 m)(1.70 m) = 1.602 m 2 
Under steady conditions, the rate of heat transfer by convection is 

2 conv = hA AT = (20 W/m 2 -°C)( 1.602 m 2 )(34-18)°C = 513 W 



1-67 Hot air is blown over a flat surface at a specified temperature. The rate of heat transfer from the air to 
the plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer > 

by radiation is not considered. 3 The convection heat transfer > 

coefficient is constant and uniform over the surface. — > 

— > 

Analysis Under steady conditions, the rate of heat transfer by 
convection is 

2conv = hA s AT = (55 W/m 2 • °C)(2x4 m 2 )(80-30)°C = 22,000 W 


80 C 
Air 


30°C 
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1-68 EES Prob. 1-67 is reconsidered. The rate of heat transfer as a function of the heat transfer coefficient 
is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

T_infinity=80 [C] 

A=2*4 [m A 2] 

T_s=30 [C] 
h=55 [W/m A 2-C] 

"ANALYSIS" 

Q_dot_conv=h*A*(TJnfinity-T_s) 


h [W/m 2 .C] 

Qconv [W] 

20 

8000 

30 

12000 

40 

16000 

50 

20000 

60 

24000 

70 

28000 

80 

32000 

90 

36000 

100 

40000 
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1-69 The heat generated in the circuitry on the surface of a 3-W silicon chip is conducted to the ceramic 
substrate. The temperature difference across the chip in steady operation is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Thermal properties of the chip are constant. 

Properties The thermal conductivity of the silicon chip 
is given to be k = 130 W/m-°C. 

Analysis The temperature difference between the front 
and back surfaces of the chip is 


A - (0.006 m)(0.006m) = 0.000036m 
AT 


Q = kA 


L 


AT = 


(3 W)(0.0005 m) 


QL = 

kA (130 W/m • °C )(0.000036 m 2 ) 


Ceramic 

substrate 

= 0.32°C 



Chip 
6 x 6 x 0.5 mm 


1-70 An electric resistance heating element is immersed in water initially at 20°C. The time it will take for 
this heater to raise the water temperature to 80°C as well as the convection heat transfer coefficients at the 
beginning and at the end of the heating process are to be determined. 

Assumptions 1 Steady operating conditions exist and thus the rate of heat loss from the wire equals the rate 
of heat generation in the wire as a result of resistance heating. 2 Thermal properties of water are constant. 3 
Heat losses from the water in the tank are negligible. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-9). 

Analysis When steady operating conditions are reached, we have Q = £ gener ated = 800 W . This is also 

equal to the rate of heat gain by water. Noting that this is the only mechanism of energy transfer, the time it 
takes to raise the water temperature from 20°C to 80°C is determined to be 

Gin = mc(T 2 - T \ ) 

Q m At = mc(T 2 -T x ) 

Ar _ mc(T 2 -T x ) _ (75 kg)(4180 J/kg •°C)(80- 20)°C 
g in 800 J/s 

The surface area of the wire is 

A s = kDL = ;r(0.005 m)(0.4 m) = 0.00628 m 2 

The Newton's law of cooling for convection heat transfer is expressed as Q- hA s (T s -T ^ ) . Disregarding 

any heat transfer by radiation and thus assuming all the heat loss from the wire to occur by convection, the 
convection heat transfer coefficients at the beginning and at the end of the process are determined to be 



h \ = 
h 2 = 


Q 

A s (T s - T 0 oi ) 

Q 

A S (T S ~T X 2 ) 


800 W 

(0.00628 m 2 )(1 20 -20)°C 
800 W 

(0.00628 m 2 )(1 20 -80)°C 


= 1274 W/m 2 °C 
= 3185 W/m 2 °C 


Discussion Note that a larger heat transfer coefficient is needed to dissipate heat through a smaller 
temperature difference for a specified heat transfer rate. 
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1-71 A hot water pipe at 80°C is losing heat to the surrounding air at 5°C by natural convection with a heat 
transfer coefficient of 25 W/m °C. The rate of heat loss from the pipe by convection is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer by radiation is not considered. 3 The convection heat 
transfer coefficient is constant and uniform over the surface. 

Analysis The heat transfer surface area is 

A s = 7rDL = ;r(0.05 m)(10 m) = 1.571 m 2 

Under steady conditions, the rate of heat transfer 
by convection is 



Q CO nv = hA s AT = (25 W/m 2 - 0 C)( 1.571 m 2 )(80-5)°C = 2945 W 


1-72 A hollow spherical iron container is filled with iced water at 0°C. The rate of heat loss from the 
sphere and the rate at which ice melts in the container are to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant 
at the specified values. 2 Heat transfer through the shell is one-dimensional. 3 Thermal properties of the 
iron shell are constant. 4 The inner surface of the shell is at the same temperature as the iced water, 0°C. 


Properties The thermal conductivity of iron is k = 80.2 W/m-°C (Table A-3). The heat of fusion of water is 
given to be 333.7 kJ/kg. 


Analysis This spherical shell can be approximated as a plate of thickness 0.4 cm and area 
A = kD 1 = 7T (0.2 m) 2 = 0.126 m 2 


Then the rate of heat transfer through the shell by conduction is 
Scond 


AT 7 (5-0)°C 

= kA = (80.2 W/m • °C)(0. 126 m 2 ) — ^ — = 12,632 W 


L 


0.004 m 


Considering that it takes 333.7 kJ of energy to melt 1 kg of ice at 0°C, 
the rate at which ice melts in the container can be determined from 


in = 
'“ice 


Q 




if 


12.632 kJ/s 
333.7 kJ/kg 


0.038 kg/s 



Discussion We should point out that this result is slightly in error for approximating a curved wall as a 
plain wall. The error in this case is very small because of the large diameter to thickness ratio. For better 
accuracy, we could use the inner surface area (D = 19.2 cm) or the mean surface area (D = 19.6 cm) in the 
calculations. 
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1-73 EES Prob. 1-72 is reconsidered. The rate at which ice melts as a function of the container thickness is 
to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
D=0.2 [m] 
L=0.4 [cm] 
T_1 =0 [C] 
T_2=5 [C] 


"PROPERTIES" 
h_if=333.7 [kJ/kg] 
k=k_('lron\ 25) 

"ANALYSIS" 

A=pi*D A 2 

Q_dot_cond=k*A*(T_2-T_1 )/(L*Convert(cm, m)) 
m_dot_ice=(Q_dot_cond*Convert(W, kW))/h_if 


L [ cm ] 

m ice [ kg / s ] 

0.2 

0.07574 

0.4 

0.03787 

0.6 

0.02525 

0.8 

0.01894 

1 

0.01515 

1.2 

0.01262 

1.4 

0.01082 

1.6 

0.009468 

1.8 

0.008416 

2 

0.007574 
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1-74E The inner and outer glasses of a double pane window with a 0.5 -in air space are at specified 
temperatures. The rate of heat transfer through the window is to be determined 


Assumptions 1 Steady operating conditions exist since the 
surface temperatures of the glass remain constant at the 
specified values. 2 Heat transfer through the window is one- 
dimensional. 3 Thermal properties of the air are constant. 



Properties The thermal conductivity of air at the average 
temperature of (60+48)/2 = 54°F is k = 0.01419 Btu/h-ft-°F 
(Table A-15E). 

Analysis The area of the window and the rate of heat loss 
through it are 

A = (4 ft) x (4 ft) = 16 m 2 


Air 


¥ 



Q 


= kA 


t x -t 2 

L 


(0.01419 Btu/h.ft.°F)(16 ft 2 


(60-48)°F 
0.25 /12 ft 


= 131 Btu/h 


Q 


48°F 


1-75 Two surfaces of a flat plate are maintained at specified temperatures, and the rate of heat transfer 
through the plate is measured. The thermal conductivity of the plate material is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the plate remain constant at the specified values. 2 Heat 
transfer through the plate is one-dimensional. 3 Thermal properties of the 
plate are constant. 

Analysis The thermal conductivity is determined directly from the steady 
one-dimensional heat conduction relation to be 

2 = _> , = 16^ = * 500 2 >^ 2 = q. 125 W/m • °C 

L (T t -T 2 ) (80-0)°C 


80°C ^ 


Plate 


Q 


\ n° 


o°c 


1-76 Four power transistors are mounted on a thin vertical aluminum plate that is cooled by a fan. The 
temperature of the aluminum plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The entire plate is nearly isothermal. 3 Thermal 
properties of the wall are constant. 4 The exposed surface area of the transistor can be taken to be equal to 
its base area. 5 Heat transfer by radiation is disregarded. 6 The convection heat transfer coefficient is 
constant and uniform over the surface. 

Analysis The total rate of heat dissipation from the aluminum plate and the total heat transfer area are 

<2 = 4x15 W = 60 W 

A s = (0.22 m)(0.22m) = 0.0484 m 2 

Disregarding any radiation effects, the 
temperature of the aluminum plate is 
determined to be 



Q = hA (T -T x ) 


* T S = T y + 


Q 


hA. 


= 25°C + 


60 W 


(25 W/m 2 *°C)(0. 0484m 2 ) 


= 74.6°C 
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1-77 A styrofoam ice chest is initially filled with 40 kg of ice at 0°C. The time it takes for the ice in the 
chest to melt completely is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner and outer surface temperatures of the ice 
chest remain constant at 0°C and 8°C, respectively, at all times. 3 Thermal properties of the chest are 
constant. 4 Heat transfer from the base of the ice chest is negligible. 

Properties The thermal conductivity of the styrofoam is given to be k = 0.033 W/m-°C. The heat of fusion 
of ice at 0°C is 333.7 kJ/kg. 

Analysis Disregarding any heat loss through the bottom of the ice chest and using the average thicknesses, 
the total heat transfer area becomes 


A = ( 40 - 3)(40 - 3) + 4 x (40 - 3)(30 - 3) = 5365 cm 2 = 0.5365 m 2 

The rate of heat transfer to the ice chest becomes 

A t (8-OV 5 C 

Q = kA = (0.033 W/m • °C)(0.5365 m 2 ) — = 4.72 W 

L 0.03 m 

The total amount of heat needed to melt the ice completely is 

Q = mh if = (28 kg)(333.7 kJ/kg) = 9344 kJ 



Then transferring this much heat to the cooler to melt the ice completely will take 

At = Q = 9344,000 J = L98 x 10 6 s = 22 9 days 
Q 4.72 J/s 


1-78 A transistor mounted on a circuit board is cooled by air flowing over it. The transistor case 
temperature is not to exceed 70°C when the air temperature is 55 °C. The amount of power this transistor 
can dissipate safely is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer by radiation is disregarded. 3 The convection heat 
transfer coefficient is constant and uniform over the surface. 4 
Heat transfer from the base of the transistor is negligible. 

Analysis Disregarding the base area, the total heat transfer area 
of the transistor is 

A s =ttDL + ttD 2 / 4 

= ;r(0.6cm)(0.4cm) + ;r(0.6cm)“ / 4 = 1.037 cm 2 
= 1.037xl0“ 4 m 2 

Then the rate of heat transfer from the power transistor 
at specified conditions is 



Air, 

55°C 


Power 

transistor 


Q = hAJT^-TJ = (30 W/m 2 -“CH 1.037x1 0" 4 m 2 )(70-55)°C = 0.047 W 


Therefore, the amount of power this transistor can dissipate safely is 0.047 W. 
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1-79 EES Prob. 1-78 is reconsidered. The amount of power the transistor can dissipate safely as a function 
of the maximum case temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

L=0.004 [m] 

D=0.006 [m] 
h=30 [W/m A 2-C] 

T_infinity=55 [C] 

T_case_max=70 [C] 

"ANALYSIS" 

A=pi*D*L+pi*D A 2/4 

Q_dot=h*A*(T_case_max-T_jnfinity) 


Tease, max [C] 

Q[W] 

60 

0.01555 

62.5 

0.02333 

65 

0.0311 

67.5 

0.03888 

70 

0.04665 

72.5 

0.05443 

75 

0.0622 

77.5 

0.06998 

80 

0.07775 

82.5 

0.08553 

85 

0.09331 

87.5 

0.1011 

90 

0.1089 
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1-80E A 200-ft long section of a steam pipe passes through an open space at a specified temperature. The 
rate of heat loss from the steam pipe and the annual cost of this energy lost are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer by radiation is disregarded. 3 The convection heat 
transfer coefficient is constant and uniform over the 
surface. 

Analysis {a) The rate of heat loss from the steam pipe is 
A s =nDL = n(M\2 ft)(200 ft) = 209.4 ft 2 


Z 


L= 200 ft 


280°F 


A 


v 


D =4 in 


3 


Q 


Air,50°F 


Ape = hA s( T s -ArA^Btu/h-ft 2 • °F)(209.4 ft 2 )(280 - 50)°F 

= 289,000 Btu/h 


(b) The amount of heat loss per year is 

Q = QAt = (289,000 Btu/h)(365 x 24 h/yr) = 2.53 1 x 10 9 Btu/yr 


The amount of gas consumption per year in the furnace that has an efficiency of 86% is 


Annual Energy Loss = 


2.53 lxlO 9 Btu/yr r 


0.86 


1 therm 


100,000 Btu 


= 29,435 therms/yr 


Then the annual cost of the energy lost becomes 

Energy cost = (Annual energy loss)(Unit cost of energy) 

= (29,435 therms/yr)($ 1.10/ therm) = $32,380/yr 


1-81 A 4-m diameter spherical tank filled with liquid nitrogen at 1 atm and -196°C is exposed to 
convection with ambient air. The rate of evaporation of liquid nitrogen in the tank as a result of the heat 
transfer from the ambient air is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is disregarded. 3 The 
convection heat transfer coefficient is constant and uniform over the surface. 4 The temperature of the thin- 
shelled spherical tank is nearly equal to the temperature of the nitrogen inside. 


Properties The heat of vaporization and density of liquid nitrogen at 1 atm are given to be 1 98 kJ/kg and 
810 kg/m , respectively. 


Analysis The rate of heat transfer to the nitrogen tank is 
A s = kD 2 = n(4 m) 2 = 50.27 m 2 


Q = hA s (T s — F air ) = (25 W/m 2 -°C)(50.27 m 2 )[20-(-196)]°C 

= 271,430 W 

Then the rate of evaporation of liquid nitrogen in the tank is 
determined to be 


Q = mh 


fg 


->m- 


Q 


h 


fg 


271.430 kJ/s 
198 kJ/kg 


1.37 kg/s 


Vapor 
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1-82 A 4-m diameter spherical tank filled with liquid oxygen at 1 atm and -183°C is exposed to convection 
with ambient air. The rate of evaporation of liquid oxygen in the tank as a result of the heat transfer from 
the ambient air is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is disregarded. 3 The 
convection heat transfer coefficient is constant and uniform over the surface. 4 The temperature of the thin- 
shelled spherical tank is nearly equal to the temperature of the oxygen inside. 


Properties The heat of vaporization and density of liquid oxygen at 1 atm are given to be 2 1 3 kJ/kg and 
1 140 kg/m , respectively. 


Analysis The rate of heat transfer to the oxygen tank is 
A s =7iD 2 =ff(4m) 2 = 50.27 m 2 

Q = hA s (T s - T air ) = (25 W/m 2 ,°C)(50.27 m 2 )[20 - (-183)]°C 

= 255,120 W 


Then the rate of evaporation of liquid oxygen in the tank is determined to be 


Q 



» m 



255.120kJ/s 
213 kJ/kg 


1.20 kg/s 


Vapor 
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1-83 EES Prob. 1-81 is reconsidered. The rate of evaporation of liquid nitrogen as a function of the 
ambient air temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


1-36 


"GIVEN" 

D=4 [m] 

T_s=-196 [C] 

T_air=20 [C] 
h=25 [W/m A 2-C] 

"PROPERTIES" 
h_fg=1 98 [kJ/kg] 

"ANALYSIS" 

A=pi*D A 2 

Q_dot=h*A*(T_air-T_s) 
m_dot_evap=(Q_dot*Convert(J/s, kJ/s))/h_fg 


Tail- [C] 

m eV aD [kg/s] 

0 

1.244 

2.5 

1.26 

5 

1.276 

7.5 

1.292 

10 

1.307 

12.5 

1.323 

15 

1.339 

17.5 

1.355 

20 

1.371 

22.5 

1.387 

25 

1.403 

27.5 

1.418 

30 

1.434 

32.5 

1.45 

35 

1.466 
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1-84 A person with a specified surface temperature is subjected to radiation heat transfer in a room at 
specified wall temperatures. The rate of radiation heat loss from the person is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by convection is disregarded. 3 The 
emissivity of the person is constant and uniform over the exposed surface. 

Properties The average emissivity of the person is given to be 0.5. 

Analysis Noting that the person is completely enclosed by the surrounding surfaces, the net rates of 
radiation heat transfer from the body to the surrounding walls, ceiling, and the floor in both cases are 

(a) T surr = 300 K 
Q ad =saA s (r s 4 - T ^rr) 

= (0.5)(5.67 X 1(T 8 W/m 2 .K 4 )(1.7 m 2 )[(32 + 273) 4 - (300 K) 4 ]K 4 
= 26.7 W 
(Z>)r surr =280 K 

Srad = £aA s( T s ~ T Lt) 

= (0.5)(5.67xl0~ 8 W/m 2 .K 4 )(1.7m 2 )[(32 + 273) 4 -(280K) 4 ]K 4 

= 121 W 

Discussion Note that the radiation heat transfer goes up by 
more than 4 times as the temperature of the surrounding 
surfaces drops from 300 K to 280 K. 



1-85 A circuit board houses 80 closely spaced logic chips on one side, each dissipating 0.06 W. All the 
heat generated in the chips is conducted across the circuit board. The temperature difference between the 
two sides of the circuit board is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Thermal properties of the board are constant. 3 All the 
heat generated in the chips is conducted across the circuit board. 


Properties The effective thermal conductivity of the board is 
given to be k = 16 W/m°C. 

Analysis The total rate of heat dissipated by the chips is 
() = 80 x (0.06 W) = 4.8 W 


Q 


Then the temperature difference between the front and back surfaces of the board is 
A = (0.12m)(0.18 m) = 0.0216 m 2 


Q 



>AT = 


QL 

kA 


(4.8 W)(0. 003 m) 

(16 W/m-°C)(0.0216m 2 ) 


Discussion Note that the circuit board is nearly isothermal. 
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1-86 A sealed electronic box dissipating a total of 100 W of power is placed in a vacuum chamber. If this 
box is to be cooled by radiation alone and the outer surface temperature of the box is not to exceed 55°C, 
the temperature the surrounding surfaces must be kept is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by convection is disregarded. 3 The 
emissivity of the box is constant and uniform over the exposed surface. 4 Heat transfer from the bottom 
surface of the box to the stand is negligible. 


Properties The emissivity of the outer surface of the box is given to be 0.95. 

Analysis Disregarding the base area, the total heat transfer area of the electronic box is 


A s = (0.4 m)(0.4 m) + 4 x (0.2 m)(0.4 m) = 0.48 m 2 
The radiation heat transfer from the box can be expressed as 

(?rad = S(jA s( T s “Turr) 

100 W = (0.95)(5.67 Xl0“ 8 W/m 2 •K 4 )(0.48m 2 )[(55 + 273K) 4 -p 


/ 


SUIT 


100 w 

8 = 0.95 
P=55°C 


which gives T smr = 296.3 K = 23.3°C. Therefore, the temperature of the surrounding surfaces must be less 
than 23.3°C. 


1-87E Using the conversion factors between W and Btu/h, m and ft, and K and R, the Stefan-Boltzmann 
constant a = 5.67 x 10 -8 W/m 2 • K 4 is to be expressed in the English unit, Btu/h - ft 2 • R 4 . 

Analysis The conversion factors for W, m, and K are given in conversion tables to be 
1 W = 3.41214 Btu/h 
1 m = 3.2808 ft 
1 K = 1.8 R 

Substituting gives the Stefan-Boltzmann constant in the desired units, 

_ r , ? 4 _ __ 3.4 1214 Btu/h .. . „ , _ _ 2 ^,4 

a = 5.67 W/m 2 -K 4 =5.67x - = 0.171 Btu/h ft 2 R 4 

(3.2808 ft) 2 (1.8 R) 4 


1-88E Using the conversion factors between W and Btu/h, m and ft, and °C and °F, the convection 
coefficient in SI units is to be expressed in Btu/h-ft -°F. 

Analysis The conversion factors for W and m are straightforward, and are given in conversion tables to be 
1 W = 3.41214 Btu/h 
1 m = 3.2808 ft 


The proper conversion factor between °C into °F in this case is 
1°C = 1.8°F 

since the °C in the unit W/m °C represents per °C change in temperature , and 1°C change in temperature 
corresponds to a change of 1.8°F. Substituting, we get 


1 W/m 2 °C = 


3.41214 Btu/h 
(3.2808 ft) 2 (1.8 °F) 


= 0.1761 Btu/h-ft 


which is the desired conversion factor. Therefore, the given convection heat transfer coefficient in English 
units is 

h = 14 W/m 2 •°C = 14x0.1761Btu/h-ft 2 °F = 2.47 Btu/h ft 2 °F 
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1-89 A cylindrical sample of a material is used to determine its thermal conductivity. The temperatures 
measured along the sample are tabulated. The variation of temperature along the sample is to be plotted and 
the thermal conductivity of the sample material is to be calculated. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional (axial direction). 

Analysis The following table gives the results of the calculations. The plot of temperatures is also given 
below. A sample calculation for the thermal conductivity is as follows: 


A = 


n D 2 

4 


7t(0.025 m) 2 
4 


= 0.00049 m 2 


QL 

- A(T X -T 2 ) 


(83.45 W)(0.010 m) 
(0.00049 m 2 )(6.13°C) 


= 277.8 W/m-°C) 



Distance from 
left face, cm 

Temperature, 

°C 

Temperature 

difference 

(°C) 

Thermal 

conductivity 

(W/m°C) 

0 

Tj= 89.38 

T r T 2 = 6.13 

277.8 

1 

J 2 = 83.25 

T 2 -T 3 = 4.97 

342.7 

2 

T 3 = 78.28 

T 3 -T 4 = 4.18 

407.4 

3 

T 4 = 74.10 

T 4 -T 5 = 5.85 

291.1 

4 

T 5 = 68.25 

T 5 -T 6 = 4.52 

376.8 

5 

T 6 =63.73 

T 6 -T 7 = 14.08 

120.9 

6 

T 7 = 49.65 

T 7 -T 8 = 5.25 

324.4 

7 

T 8 = 44.40 

T 8 -T 9 = 4.40 

387.1 

8 

T 9 = 40.00 

T r T 2 = 6.13 

277.8 



Discussion It is observed from the calculations in the table and the plot of temperatures that the 
temperature reading corresponding to the calculated thermal conductivity of 120.9 is probably not right, 
and it should be discarded. 
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1-90 An aircraft flying under icing conditions is considered. The temperature of the wings to prevent ice 
from forming on them is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer coefficient is constant. 

Properties The heat of fusion and the density of ice are given to be 333.7 kJ/kg and 920 kg/m', 
respectively. 

Analysis The temperature of the wings to prevent ice from forming on them is determined to be 


T ■ 

wing 



pVkf p°c i (92 ° k g /m3 )(°- 001/60 m/s)(333,700 J/kg) _ ^ oQ 
h 150 W/m 2 -°C 


Simultaneous Heat Transfer Mechanisms 

1-91C All three modes of heat transfer can not occur simultaneously in a medium. A medium may involve 
two of them simultaneously. 


1-92C (a) Conduction and convection: No. ( b ) Conduction and radiation: Yes. Example: A hot surface on 
the ceiling, (c) Convection and radiation: Yes. Example: Heat transfer from the human body. 


1-93C The human body loses heat by convection, radiation, and evaporation in both summer and winter. In 
summer, we can keep cool by dressing lightly, staying in cooler environments, turning a fan on, avoiding 
humid places and direct exposure to the sun. In winter, we can keep warm by dressing heavily, staying in a 
warmer environment, and avoiding drafts. 


1-94C The fan increases the air motion around the body and thus the convection heat transfer coefficient, 
which increases the rate of heat transfer from the body by convection and evaporation. In rooms with high 
ceilings, ceiling fans are used in winter to force the warm air at the top downward to increase the air 
temperature at the body level. This is usually done by forcing the air up which hits the ceiling and moves 
downward in a gently manner to avoid drafts. 
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1-95 The total rate of heat transfer from a person by both convection and radiation to the surrounding air 
and surfaces at specified temperatures is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The person is 
completely surrounded by the interior surfaces of the room. 3 The 
surrounding surfaces are at the same temperature as the air in the 
room. 4 Heat conduction to the floor through the feet is negligible. 

5 The convection coefficient is constant and uniform over the 
entire surface of the person. 

Properties The emissivity of a person is given to be 8 = 0.9. 

Analysis The person is completely enclosed by the surrounding 
surfaces, and he or she will lose heat to the surrounding air by 
convection and to the surrounding surfaces by radiation. The total 
rate of heat loss from the person is determined from 

Ad =£cr4(r/-r^ rr ) = (0.90)(5.67xl0^ 8 W/m 2 .K 4 )(1.7 m 2 )[(32 + 273) 4 -(23 + 273) 4 ]K 4 = 84.8 W 
Anv = hA s AT = (5W/m 2 ■ K)(1.7m 2 )(32 -23)°C =76.5W 
And 2 total = 2 coit v + 2 rad = 84.8 + 76.5 = 161.3 W 

Discussion Note that heat transfer from the person by evaporation, which is of comparable magnitude, is 
not considered in this problem. 



1-96 Two large plates at specified temperatures are held parallel to each other. The rate of heat transfer 
between the plates is to be determined for the cases of still air, evacuation, regular insulation, and super 
insulation between the plates. 

Assumptions 1 Steady operating conditions exist since the plate temperatures remain constant. 2 Heat 
transfer is one-dimensional since the plates are large. 3 The surfaces are black and thus 8=1.4 There are 
no convection currents in the air space between the plates. 


Properties The thermal conductivities are k = 0.00015 W/m °C for super insulation, k= 0.01979 W/m°C at 
-50°C (Table A-15) for air, and k = 0.036 W/m°C for fiberglass insulation (Table A-6). 

Analysis (a) Disregarding any natural convection currents, the rates of 
conduction and radiation heat transfer 


£?cond 


r, - 1 , 


L 


= (0.01979 W/m ■°C)(lm z ) 


2 (290 — 1 50) K 


0.02 m 


= 139 W 


2 rad = 8(J A s (7”, 4 - 7' 2 4 ) 


= l(5.67xl(T 8 W/m 2 •K 4 )(lm 2 )[(290 K) 4 -(150 K) 4 


= 372 W 


0total=Scond+erad=139 + 372 = 511W 

(b) When the air space between the plates is evacuated, there will be 
radiation heat transfer only. Therefore, 

Q total = 2rad = ^72 W 


(c) In this case there will be conduction heat transfer through the 
fiberglass insulation only, 


r, t 2 



2totai = And = kA = ( o.036 W/m"C)(lm 2 ) (29 ° 15 ° )K = 252 W 

L 0.02 m 


(d) In the case of superinsulation, the rate of heat transfer will be 


T —T 

0 total = 0cond = ^ ~ 


= (0.00015 W/m -°C)(1 m ) 


(290- 150) K 


0.02 m 


= 1.05 W 


Discussion Note that superinsulators are very effective in reducing heat transfer between to surfaces. 
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1-97 The outer surface of a wall is exposed to solar radiation. The effective thermal conductivity of the 
wall is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat 
transfer coefficient is constant and uniform over the surface. 

Properties Both the solar absorptivity and emissivity of the wall 
surface are given to be 0.8. 

Analysis The heat transfer through the wall by conduction is 
equal to net heat transfer to the outer wall surface: 

*7 cond — *7 conv *7 rad + (7 solar 
k T ~ 1 ~r~ = hiT o ~ T 2 ) + Sa{T ™ ~ T 2 ) + a s9 solar 

k (44 ~ 27) C = (8 W/m 2 • °C)(40 - 44)°C + (0.8)(5.67 x 10' 8 W/m 2 • K 4 )f(40 + 273 K) 4 - (44 + 273 K) 
0.25 m 

+ (0.8)(150 W/m 2 ) 

Solving for k gives 

k = 0.961 W/m °C 


27°C 



1-98 The convection heat transfer coefficient for heat transfer from an electrically heated wire to air is to be 
determined by measuring temperatures when steady operating conditions are reached and the electric 
power consumed. 

Assumptions 1 Steady operating conditions exist since the temperature readings do not change with time. 

2 Radiation heat transfer is negligible. 

Analysis In steady operation, the rate of heat loss from the wire equals the rate of heat generation in the 
wire as a result of resistance heating. That is, 


Q = ^generated = V/ = (1 10 V)(3 A) = 330 W 

The surface area of the wire is 

A s = kDL = ;r(0.002 m)(1.4m) = 0.00880 m 2 

The Newton's law of cooling for convection heat 
transfer is expressed as 

Q = hA s (T s -T O0 ) 


240°C 




D =0.2 cm 


L = 1.4 m 


Q 


Air, 20°C 


Disregarding any heat transfer by radiation, the convection heat transfer coefficient is determined to be 


h = 


Q 


330 W 


A S (T { -T X ) (0.00880 m 2 )(240-20)°C 


= 170.5 W/m 2 °C 


Discussion If the temperature of the surrounding surfaces is equal to the air temperature in the room, the 
value obtained above actually represents the combined convection and radiation heat transfer coefficient. 
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1-99 EES Prob. 1-98 is reconsidered. The convection heat transfer coefficient as a function of the wire 
surface temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


1-43 


"GIVEN" 

L=1 .4 [m] 

D=0.002 [m] 

T_jnfinity=20 [C] 

T_s=240 [C] 

V=1 1 0 [Volt] 

1=3 [Ampere] 

"ANALYSIS" 

Q_dot=V*l 

A=pi*D*L 

Q_dot=h*A*(T_s-T_infinity) 


T S [C] 

h [W/m 2 .C] 

100 

468.9 

120 

375.2 

140 

312.6 

160 

268 

180 

234.5 

200 

208.4 

220 

187.6 

240 

170.5 

260 

156.3 

280 

144.3 

300 

134 
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1-100E A spherical ball whose surface is maintained at a temperature of 170°F is suspended in the middle 
of a room at 70°F. The total rate of heat transfer from the ball is to be determined. 


Assumptions 1 Steady operating conditions exist since the ball 
surface and the surrounding air and surfaces remain at constant 
temperatures. 2 The thermal properties of the ball and the 
convection heat transfer coefficient are constant and uniform. 

Properties The emissivity of the ball surface is given to be 8 = 0.8. 

Analysis The heat transfer surface area is 

A s = nD 2 = ji( 2/12 ft) 2 = 0.08727 ft 2 

Under steady conditions, the rates of convection and 
radiation heat transfer are 

Q c onv = hA s AT = (15 Btu/h • ft 2 • °F)(0.08727 ft 2 )(170 - 70)°F = 130.9 Btu/h 

£?rad ~ S °A s (T* - Tg ) 

= 0.8(0.08727 ft 2 )(0.1714xl0~ 8 Btu/h ft 2 -R 4 )[(170 + 460 R) 4 -(70 + 460 
= 9.4 Btu/h 



R) 4 ] 


Therefore, Q i0 tal = Q ctmv + Q aA = 1 30.9 + 9.4 = 140.3 Btu/h 

Discussion Note that heat loss by convection is several times that of heat loss by radiation. The radiation 
heat loss can further be reduced by coating the ball with a low-emissivity material. 


1-101 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The temperature of 
the base of the iron is to be determined in steady operation. 

Assumptions 1 Steady operating conditions exist. 2 The thermal Iron 

properties of the iron base and the convection heat transfer 
coefficient are constant and uniform. 3 The temperature of the 
surrounding surfaces is the same as the temperature of the 
surrounding air. 

Properties The emissivity of the base surface is given to be 
c = 0.6. 

Analysis At steady conditions, the 1000 W energy supplied 
to the iron will be dissipated to the surroundings by 
convection and radiation heat transfer. Therefore, 

^ total = £?conv + 2rad = W 

where g conv = hA s AT = (35 W/m 2 • K)(0.02 m 2 )(7’ J -293 K) = 0.7(7; -293 K) 

g rad =eoA s (T? -T*) = 0.6(0.02 m 2 )(5.67xl0~ 8 W/m 2 -K 4 )[7; 4 -(293 K) 4 ] 
and 

= 0.06804 x10~ 8 |Y 4 -(293 K) 4 ] 

Substituting, 1000 W = 0.7(7; -293 K) + 0.06804 xl0“ 8 [r/ -(293 K) 4 ] 

Solving by trial and error gives 

T s = 947 K = 674°C 

Discussion We note that the iron will dissipate all the energy it receives by convection and radiation when 
its surface temperature reaches 947 K. 


1000 W 
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1-102 A spacecraft in space absorbs solar radiation while losing heat to deep space by thermal radiation. 
The surface temperature of the spacecraft is to be determined when steady conditions are reached. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant 
at the specified values. 2 Thermal properties of the wall are constant. 


Properties The outer surface of a spacecraft has an emissivity of 0.8 and an absorptivity of 0.3. 


Analysis When the heat loss from the outer surface of the spacecraft 
by radiation equals the solar radiation absorbed, the surface 
temperature can be determined from 


Ssolar absorbed Qrad 


^£?solar =G0A s (T* ^space ) 

0.3 xA s x(950 W/m 2 ) = 0.8 x A s x(5.67xl0" 8 


W/m 2 • K 4 )[Y s 4 -(0 K) 4 ] 


Canceling the surface area A and solving for T s gives 

T s = 281.5 K 



1-103 A spherical tank located outdoors is used to store iced water at 0°C. The rate of heat transfer to the 
iced water in the tank and the amount of ice at 0°C that melts during a 24-h period are to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant 
at the specified values. 2 Thermal properties of the tank and the convection heat transfer coefficient is 
constant and uniform. 3 The average surrounding surface temperature for radiation exchange is 15°C. 4 
The thermal resistance of the tank is negligible, and the entire steel tank is at 0°C. 

Properties The heat of fusion of water at atmospheric pressure 
is =333.7 kJ/kg . The emissivity of the outer surface of the 

tank is 0.75. 

Analysis (a) The outer surface area of the spherical tank is 

A s =t£> 2 = 7t(3.02 m) 2 = 28.65 m 2 

Then the rates of heat transfer to the tank by convection and 
radiation become 

Q conv = hA s (T x - T s ) = (30 W/m 2 • °C)(28.65 m 2 )(25 - 0)°C = 21,488 W 

0 rad =£^<7(7;^ -T s 4 ) = (0.75)(28.65 m 2 )(5.67xl0' 8 W/m 2 -K 4 )[(288K) 4 -(273 K) 4 ] = 1614 W 
Ctotal = Cconv + Crad = 21,488 + 1614 = 23,102 W = 23.1 kW 
(b) The amount of heat transfer during a 24-hour period is 
Q = QAt = (23.102 kJ/s)(24x 3600 s) = 1,996,000 kJ 



Then the amount of ice that melts during this period becomes 


Q = mh if 


» m = 



1,996,000 kJ 
333.7 kJ/kg 


= 5980 kg 


Discussion The amount of ice that melts can be reduced to a small fraction by insulating the tank. 
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1-104 The roof of a house with a gas furnace consists of a 15-cm thick concrete that is losing heat to the 
outdoors by radiation and convection. The rate of heat transfer through the roof and the money lost 
through the roof that night during a 14 hour period are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The emissivity and thermal conductivity of the roof are 
constant. 


Properties The thermal conductivity of the concrete is given to be k = 2 W/m°C. The emissivity of the 
outer surface of the roof is given to be 0.9. 

Analysis In steady operation, heat transfer from the outer surface of the roof to the surroundings by 
convection and radiation must be equal to the heat transfer through the roof by conduction. That is, 


2 = 2 


roof, cond 


Qroof 


to surroundings, conv+rad 


The inner surface temperature of the roof is given to be T s - m = 15°C. Letting r s?out denote the outer surface 
temperatures of the roof, the energy balance above can be expressed as 


Q = kA ^ / S '° Ut = K A(T S ' OUt - T sun ) + sA <J(T s out 4 - T sun 4 ) 

Q = (2 W/m • °C)(300 m 2 ) 15 C rs ’° ut 

0.15 m 

= (15 W/m 2 ,°C)(300 m 2 )(T s out -10)°C 

+ (0.9)(300 m 2 )(5. 67 xlO -8 W/m 2 -K 4 )[(7; out + 273 K) 4 - (255 K) 

Solving the equations above using an equation solver (or by trial and 
error) gives 

Q = 25,450 W and T s out = 8.64°C 

Then the amount of natural gas consumption during a 1 6-hour period is 

_ 2totai _ QAt _ (25.450 kj/s)(14x 3600s)/ 4 1 therm ^ 
gas ~ 0.85 ~ 085 ~ 085 (l05,500kJ, 

Finally, the money lost through the roof during that period is 
Money lost = (14.3 therms)($0.60 / therm) = $8.58 



= 14.3 therms 


1-105E A flat plate solar collector is placed horizontally on the roof of a house. The rate of heat loss from 
the collector by convection and radiation during a calm day are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The emissivity and convection heat transfer coefficient 
are constant and uniform. 3 The exposed surface, ambient, and sky temperatures remain constant. 
Properties The emissivity of the outer surface of the collector is given to be 0.9. 


Analysis The exposed surface area of the collector is 
A s = (5 ft)( 1 5 ft) = 75 ft 2 

Noting that the exposed surface temperature of the 
collector is 100°F, the total rate of heat loss from the 
collector to the environment by convection and 
radiation becomes 


Tsky = 50°F 



Q 


Solar 

collector 




2 conv =hA s (T a0 -T s ) = (2.5 Btu/h.ft 2 • °F)(75 ft 2 )(100 - 70)°F = 5625 Btu/h 

2 rad = a4 s cr(r ^ - r/ ) = (0. 9)(75 ft 2 )(0. 1 7 1 4 x 1 0 ' 8 Btu/h •ft 2 -R 4 )[(100 + 460R) 4 -(50 + 460R) 4 ] 


= 3551 Btu/h 


and 2 total = 2conv + 2 rad = 5625 + 3551 = 9176 Btu/h 
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Problem Solving Techniques and EES 

1-106C Despite the convenience and capability the engineering software packages offer, they are still just 
tools, and they will not replace the traditional engineering courses. They will simply cause a shift in 
emphasis in the course material from mathematics to physics. They are of great value in engineering 
practice, however, as engineers today rely on software packages for solving large and complex problems in 
a short time, and perform optimization studies efficiently. 


1-107 EES Determine a positive real root of the following equation using EES: 

2x 3 - 10x°' 5 - 3x = -3 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 

2*x A 3-10*x A 0.5-3*x = -3 

Answer, x = 2.063 (using an initial guess of x=2) 


1-108 EES Solve the following system of 2 equations with 2 unknowns using EES: 
x 3 -y 2 = 7.75 
3 xy + y= 3.5 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 

x A 3-y A 2=7.75 

3*x*y+y=3.5 

Answer: x = 2, y = 0.5 

1-109 EES Solve the following system of 3 equations with 3 unknowns using EES: 

2x - y + z = 5 
3x 2 + 2y = z + 2 
xy + 2z = 8 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 

2*x-y+z=5 

3*x A 2+2*y=z+2 

x*y+2*z=8 

Answer: x = 1.141, y = 0.8159, z = 3.535 
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1-110 EES Solve the following system of 3 equations with 3 unknowns using EES: 

x 2 y-z = l 
x - 3 y 0 ' 5 + xz = - 2 
x + y - z = 2 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 


x A 2*y-z=1 

x-3*y A 0.5+x*z=-2 

x+y-z=2 


Answer: x = 1, y = 1, z = 0 


Special Topic: Thermal Comfort 

1-111C The metabolism refers to the burning of foods such as carbohydrates, fat, and protein in order to 
perform the necessary bodily functions. The metabolic rate for an average man ranges from 108 W while 
reading, writing, typing, or listening to a lecture in a classroom in a seated position to 1250 W at age 20 
(730 at age 70) during strenuous exercise. The corresponding rates for women are about 30 percent lower. 
Maximum metabolic rates of trained athletes can exceed 2000 W. We are interested in metabolic rate of the 
occupants of a building when we deal with heating and air conditioning because the metabolic rate 
represents the rate at which a body generates heat and dissipates it to the room. This body heat contributes 
to the heating in winter, but it adds to the cooling load of the building in summer. 


1-112C The metabolic rate is proportional to the size of the body, and the metabolic rate of women, in 
general, is lower than that of men because of their smaller size. Clothing serves as insulation, and the 
thicker the clothing, the lower the environmental temperature that feels comfortable. 


1-113C Asymmetric thermal radiation is caused by the cold surfaces of large windows, uninsulated walls, 
or cold products on one side, and the warm surfaces of gas or electric radiant heating panels on the walls or 
ceiling, solar heated masonry walls or ceilings on the other. Asymmetric radiation causes discomfort by 
exposing different sides of the body to surfaces at different temperatures and thus to different rates of heat 
loss or gain by radiation. A person whose left side is exposed to a cold window, for example, will feel like 
heat is being drained from that side of his or her body. 


1-114C (. a ) Draft causes undesired local cooling of the human body by exposing parts of the body to high 
heat transfer coefficients. ( b ) Direct contact with cold floor surfaces causes localized discomfort in the feet 
by excessive heat loss by conduction, dropping the temperature of the bottom of the feet to uncomfortable 
levels. 
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1-1 15C Stratification is the formation of vertical still air layers in a room at difference temperatures, with 
highest temperatures occurring near the ceiling. It is likely to occur at places with high ceilings. It causes 
discomfort by exposing the head and the feet to different temperatures. This effect can be prevented or 
minimized by using destratification fans (ceiling fans running in reverse). 


1-1 16C It is necessary to ventilate buildings to provide adequate fresh air and to get rid of excess carbon 
dioxide, contaminants, odors, and humidity. Ventilation increases the energy consumption for heating in 
winter by replacing the warm indoors air by the colder outdoors air. Ventilation also increases the energy 
consumption for cooling in summer by replacing the cold indoors air by the warm outdoors air. It is not a 
good idea to keep the bathroom fans on all the time since they will waste energy by expelling conditioned 
air (warm in winter and cool in summer) by the unconditioned outdoor air. 


Review Problems 


1-117 A standing man is subjected to high winds and thus high convection coefficients. The rate of heat 
loss from this man by convection in still air at 20°C, in windy air, and the wind-chill factor are to be 
determined. 

Assumptions 1 A standing man can be modeled as a 30-cm diameter, 170-cm long vertical cylinder with 
both the top and bottom surfaces insulated. 2 The exposed surface temperature of the person and the 
convection heat transfer coefficient is constant and uniform. 3 Heat loss by radiation is negligible. 

Analysis The heat transfer surface area of the person is 

A, = nDL = 40.3 m)(1.70 m) = 1.60 m 2 

The rate of heat loss from this man by convection in still air is 

Cstiiiair = hAAT= (15 W/m 2 -°C)(1.60 m 2 )(34 - 20)°C = 336 W 

In windy air it would be 

C windy air = hA s AT = (50 W/m 2 -°C)(l .60 m 2 )(34 - 20)°C = 1120 W 
To lose heat at this rate in still air, the air temperature must be 

1 120 W = (hAsAT) mair = (15 W/m 2 *°C)(1.60 m 2 )(34 T effective) C 
which gives 

^effective = -12.7°C 

That is, the windy air at 20°C feels as cold as still air at -12.7°C as a result of the wind-chill effect. 
Therefore, the wind-chill factor in this case is 

^wind-chiii = 20 - (-12.7) = 32.7°C 



Windy weather 
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1-118 The backside of the thin metal plate is insulated and the front side is exposed to solar radiation. The 
surface temperature of the plate is to be determined when it stabilizes. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulated side of the plate is 
negligible. 3 The heat transfer coefficient is constant and uniform over the plate. 4 Radiation heat transfer 
is negligible. 


Properties The solar absorptivity of the plate is given to be a = 0.7. 

Analysis When the heat loss from the plate by convection equals 
the solar radiation absorbed, the surface temperature of the plate 
can be determined from 


gsolarabsorbed Q 


conv 


«6solar = hA s ( T s ~ T o ) 

0.7x^4x550 W/m 2 = (25 W/m 2 -°C )A S (T S -10) 
Canceling the surface area A s and solving for T s gives 



T s = 25.4°C 


1-119 A room is to be heated by 1 ton of hot water contained in a tank placed in the room. The minimum 
initial temperature of the water is to be determined if it to meet the heating requirements of this room for a 
24-h period. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas 
with constant specific heats. 3 The energy stored in the container itself is negligible relative to the energy 
stored in water. 4 The room is maintained at 20°C at all times. 5 The hot water is to meet the heating 
requirements of this room for a 24-h period. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-9). 

Analysis Heat loss from the room during a 24-h period is 
gloss = (10,000 kJ/h)(24 h) = 240,000 kJ 

Taking the contents of the room, including the water, as our system, the energy balance can be written as 
E in -E out = A£ system -> -Q out =AU = (AU) watsr+ (A[/)./° 

' V r V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 10,000 kJ/h 
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1-120 The base surface of a cubical furnace is surrounded by black surfaces at a specified temperature. 

The net rate of radiation heat transfer to the base surface from the top and side surfaces is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The top and side surfaces of the furnace closely 
approximate black surfaces. 3 The properties of the surfaces are constant. 

Properties The emissivity of the base surface is s = 0.7. 

Analysis The base surface is completely surrounded by the top and 
side surfaces. Then using the radiation relation for a surface 
completely surrounded by another large (or black) surface, the net 
rate of radiation heat transfer from the top and side surfaces to the 
base is determined to be 

Srad,base — *M7bLe - ’ ^surr ) 

= (0.7)(3 x 3 m 2 )(5.67x 10" 8 W/m 2 .K 4 )[(1200 K) 4 - (800 K) 4 ] 

= 594,400 W = 594 kW 


Black furnace 
1200 K 


Base, 800 K 


1-121 A refrigerator consumes 600 W of power when operating, and its motor remains on for 5 min and 
then off for 15 min periodically. The average thermal conductivity of the refrigerator walls and the annual 
cost of operating this refrigerator are to be determined. 


Assumptions 1 Quasi-steady operating conditions exist. 2 The inner and outer surface temperatures of the 
refrigerator remain constant. 


Analysis The total surface area of the refrigerator where heat transfer takes place is 


A total = 2[(1 .8 x 1 .2) + (1 .8 x 0.8) + (1 .2 x 0.8)] = 9. 12 m 2 

Since the refrigerator has a COP of 1.5, the rate of heat removal from the 
refrigerated space, which is equal to the rate of heat gain in steady operation, is 

Q = W e x COP = (600 W)x 1.5 = 900 W 

But the refrigerator operates a quarter of the time (5 min on, 15 min off). 
Therefore, the average rate of heat gain is 

Save = Q/ 4 = (900 W)/4 = 225 W 

Then the thermal conductivity of refrigerator walls is determined to be 



Save 


= m at ■" 


L 


>k = 


QavgL 

^AT avg 


(225 W)(0.03 m) , 0 . 0673W/m . oc 
(9.12 m 2 )(17-6)°C 


The total number of hours this refrigerator remains on per year is 
At = 365 x 24 / 4 = 2190 h 


Then the total amount of electricity consumed during a one-year period and the annular cost of operating 
this refrigerator are 

Annual Electricity Usage = W e At = (0.6 kW)(2190 li/yr) = 1314 kWh/yr 
Annual cost = (1314kWh/yr)($0.08/kWh) = $105.1/yr 
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1-122 Engine valves are to be heated in a heat treatment section. The amount of heat transfer, the average 
rate of heat transfer, the average heat flux, and the number of valves that can be heat treated daily are to be 
determined. 

Assumptions Constant properties given in the problem can be used. 

Properties The average specific heat and density of valves are given to be c p = 440 J/kg.°C and p = 7840 
kg/m 3 . 

Analysis (a) The amount of heat transferred to the valve is simply the change in its internal energy, and is 
determined from 


Q = AU = mc p (T 2 ~T x ) 

= (0.0788 kg)(0.440 kJ/kg • °C)(800 - 40)°C = 26.35 kj 
(b) The average rate of heat transfer can be determined from 


Qavg 


Q 26.35 kJ 


= 0.0878 kW = 87.8 W 


At 5 x60s 
(c) The average heat flux is determined from 

(?avg C?avg 87.8 W 


ave 


-avg 


A s 2 k DL 2^(0.008 m)(0.1m) 


= 1.75 xlO 4 W/m 2 


(d) The number of valves that can be heat treated daily is 

( 10x 60min)(25 valves) 

Number of valves = : = 3000 valves 

5 min 


Engine valve 
T x = 40°C 
r 2 = 800°C 
D = 0.8 cm 
L = 10 cm 


1-123 The glass cover of a flat plate solar collector with specified inner and outer surface temperatures is 
considered. The fraction of heat lost from the glass cover by radiation is to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain 
constant at the specified values. 2 Thermal properties of the glass are constant. 

Properties The thermal conductivity of the glass is given to be k = 0.7 W/m°C. 

Analysis Under steady conditions, the rate of heat transfer through the glass by conduction is 


4ond = kA = (0.7 W/m • °C)(2.5 m 2 ) (2§ 25) ° C = 875 W 
L 0.006 m 

The rate of heat transfer from the glass by convection is 

g conv = hAAT = (10 W/m 2 • °C)(2.5 m 2 )(25 - 15)°C = 250 W 

Under steady conditions, the heat transferred through the 
cover by conduction should be transferred from the outer 
surface by convection and radiation. That is, 

0rad = 2cond “ Sconv = §75 - 250 = 625 W 
Then the fraction of heat transferred by radiation becomes 

f = = 0.714 (or 7 1 .4%) 

' 0co„d 875 


28°C 




Q 

Air, 15°C 
h= 10 W/m 2 .°C 

.5 m 2 
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1-124 The range of U-factors for windows are given. The range for the rate of heat loss through the 
window of a house is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses 
associated with the infiltration of air through the cracks/openings are not 
considered. 

Analysis The rate of heat transfer through the window can be determined from 

^window — ^overall^window 

where T x and T 0 are the indoor and outdoor air temperatures, respectively, 
[/overall is the U-factor (the overall heat transfer coefficient) of the 
window, and ^window is the window area. Substituting, 


Window 


20°C 



Maximum heat loss: C? w indow,max =(6.25W/m 2 -T!)(1.2xl.8m 2 )[20-(-8)] o C = 378 W 

Minimum heat loss: 0 window> mm =(1.25 W/m 2 . o C)(1.2xl.8m 2 )[20-(-8)] o C =76 W 


Discussion Note that the rate of heat loss through windows of identical size may differ by a factor of 5, 
depending on how the windows are constructed. 
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1-125 EES Prob. 1-124 is reconsidered. The rate of heat loss through the window as a function of the U- 
factor is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

A=1 .2*1 .8 [m A 2] 

T_1 =20 [C] 

T_2=-8 [C] 

U=1 .25 [W/m A 2-C] 

"ANALYSIS" 

Q_dot_window=U*A*(T_1 -T_2) 


U [W/m 2 .C] 

Qwindow rWJ 

1.25 

75.6 

1.75 

105.8 

2.25 

136.1 

2.75 

166.3 

3.25 

196.6 

3.75 

226.8 

4.25 

257 

4.75 

287.3 

5.25 

317.5 

5.75 

347.8 

6.25 

378 
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1-126 The windows of a house in Atlanta are of double door type with wood frames and metal spacers. 
The average rate of heat loss through the windows in winter is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses associated with the infiltration of air 
through the cracks/openings are not considered. 


Analysis The rate of heat transfer through the window can be determined from 

e —TT A (T. — T 1 
window, avg w overall window Vi x o / 

where T x and T 0 are the indoor and outdoor air temperatures, respectively, 
f/overaii is the [/-factor (the overall heat transfer coefficient) of the 
window, and ^4 window is the window area. Substituting, 

Q window, avg =(2.50 W/m 2 • °C)(20 m 2 )(22 - 1 1 ,3)°C = 535 W 


1 I 

Window 'r 


m w q 

* ■ 


. - 

T 


22°C 


, ' •. " 1 1.3°C 


Discussion This is the “average” rate of heat transfer through the window in winter in the absence of any 
infiltration. 


1-127 Boiling experiments are conducted by heating water at 1 atm pressure with an electric resistance 
wire, and measuring the power consumed by the wire as well as temperatures. The boiling heat transfer 
coefficient is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses 
from the water container are negligible. 

Analysis The heat transfer area of the heater wire is 

A = nDL = ;r(0.002 m)(0.50 m) = 0.003142 m 2 


Noting that 4100 W of electric power is consumed when the heater 
surface temperature is 130°C, the boiling heat transfer coefficient is 

determined from Newton’s law of cooling Q = hA(T s - 7 sat ) to be 


h = 


Q 


4100 W 


A(T S -r sat ) (0.003142m 2 )(130-100)°C 


= 43,500 W/m 2 °C 
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1-128 An electric heater placed in a room consumes 500 W power when its surfaces are at 120°C. The 
surface temperature when the heater consumes 700 W is to be determined without and with the 
consideration of radiation. 

Assumptions 1 Steady operating 
conditions exist. 2 The temperature is 
uniform over the surface. 

Analysis {a) Neglecting radiation, the 
convection heat transfer coefficient is 
determined from 

, Q 500 W 

h = — = 

MT S -T m ) (0.25 m 2 )(l20 - 20)°C 
The surface temperature when the heater consumes 700 W is 

T s = T 7 + = 20°C + — = 1 60°C 

hA (20W/m- •°C)(0.25m 2 ) 

( b ) Considering radiation, the convection heat transfer coefficient is determined from 

h _ Q-sAa(T*-T* nn ) 

AT S -T W ) 

_ 500 W - (0.75X0.25 m 2 )(5.67 x lO^ 8 W/m 2 ■ K 4 )[(393 K) 4 - (283 K) 4 ] _ ^ gg OQ 

(0.25 m 2 )(l20 - 20)°C 
Then the surface temperature becomes 

Q = hA(T s -T x )+sA cr(T s 4 - ^ ) 

700 = (12.58)(0.25)(r, - 293) + (0.75)(0.25)(5.67 x 10 -8 )[r s 4 - (283 K) 4 
T = 425.9 K = 152.9°C 

Discussion Neglecting radiation changed T s by more than 7°C, so assumption is not correct in this case. 
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1-129 An ice skating rink is located in a room is considered. The refrigeration load of the system and the 
time it takes to melt 3 mm of ice are to be determined. 

Assumptions 1 Steady operating conditions exist in part (a). 2 The surface is insulated on the back side in 
part (b). 

Properties The heat of fusion and the density of ice are given to be 333.7 kJ/kg and 920 kg/nr, 
respectively. 



T w = 25°C 




Analysis (a) The refrigeration load is determined from 
Q WdA =hA(T. dn -T s ) +£ Aa(TyT, 4 ) 

= (10)(40 x 12)(20 - 0) + (0.95)(40 x 12)(5.67 x 10~ 8 )[298 4 - 273 4 


= 156,300 W 


(b) The time it takes to melt 3 mm of ice is determined from 


LW8ph if (40 x 12 m 2 )(0.003 m)(920 kg/m 3 )(333.7 x IQ 3 J/kg) 
Cioad 156,300 J/s 


= 2831s = 47.2 min 
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Fundamentals of Engineering (FE) Exam Problems 

1-130 Which equation below is used to determine the heat flux for conduction? 

J'T 1 

(a ) -kA — (b) -&grad T (c ) h(T 2 -T x ) (d ) scrT 4 (e) None of them 

dx 

Answer (b) -&gradr 


1-131 Which equation below is used to determine the heat flux for convection? 

(a ) -kA — (b) -/cgradr (c) h(T 2 - T x ) (d ) eaT 4 (e) None of them 

dx 

Answer (c) h(T 2 ~T X ) 


1-132 Which equation below is used to determine the heat flux emitted by thermal radiation from a 
surface? 

(a ) -kA— — (b) -k gvadT (c) h(T 2 -T { ) (d ) scrT 4 (e) None of them 

dx 


Answer (d) soT 4 


1-133 A 1-kW electric resistance heater in a room is turned on and kept on for 50 minutes. The amount of 
energy transferred to the room by the heater is 

(a) 1 kJ (b) 50 kJ (c) 3000 kJ (d) 3600 kJ (e) 6000 kJ 


Answer (c) 3000 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

We= 1 [kJ/s] 
time=50*60 [s] 

We_total=We*time [kJ] 

"Wrong Solutions:" 

W1_Etotal=We*time/60 "using minutes instead of s" 

W2_Etotal=We "ignoring time" 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


1-59 


1-134 A hot 16 cm x 16 cm x 16 cm cubical iron block is cooled at an average rate of 80 W. The heat flux 
is 

(a) 195 W/m 2 (b) 521 W/m 2 (c) 3125 W/m 2 (d) 7100 W/m 2 (e) 19,500 W/m 2 

Answer (b) 521 W/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


a=0.16 [m] 
Q_dot=80 [W] 
A_s=6*a A 2 
q=Q_dot/A_s 


"Some Wrong Solutions with Common Mistakes" 
W1_q=Q_dot/a A 2 "Using wrong equation for area" 
W2_q=Q_dot/a A 3 "Using volume instead of area" 


1-135 A 2-kW electric resistance heater submerged in 30-kg water is turned on and kept on for 10 min. 
During the process, 500 kJ of heat is lost from the water. The temperature rise of water is 

(a) 5.6°C (b) 9.6°C (c) 13.6°C (d) 23.3°C (e) 42.5°C 


Answer (a) 5.6°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

C=4.1 8 [kJ/kg-K] 
m=30 [kg] 

Q_loss=500 [kJ] 
time=10*60 [s] 

W_e=2 [kJ/s] 

"Applying energy balance E_in-E_out=dE_system gives" 
time*W_e-Q_loss = dU_system 
dU_system=m*C*DELTAT 

“Some Wrong Solutions with Common Mistakes:” 
time*W_e = m*C*W1_T "Ignoring heat loss" 

time*W_e+Q_loss = m*C*W2_T "Adding heat loss instead of subtracting" 
time*W_e-Q_loss = m*1 ,0*W3_T "Using specific heat of air or not using specific heat" 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


1-60 


1-136 Eggs with a mass of 0.15 kg per egg and a specific heat of 3.32 kJ/kg-°C are cooled from 32°C to 
10°C at a rate of 300 eggs per minute. The rate of heat removal from the eggs is 

(a) 1 1 kW (b) 80 kW (c) 25 kW (d) 657 kW (e) 55 kW 


Answer (e) 55 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


C=3.32 [kJ/kg-K] 
m_egg=0.15 [kg] 

T1=32 [C] 

T2=1 0 [C] 
n=300 "eggs/min" 
m=n*m_egg/60 "kg/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
"-E_out = dU_system" 

Qout=m*C*(T1-T2) "kJ/s" 

“Some Wrong Solutions with Common Mistakes:” 
W1_Qout = m*C*T1 "Using T1 only" 

W2_Qout = m_egg*C*(T1-T2) "Using one egg only" 
W3_Qout = m*C*T2 "Using T2 only" 
W4_Qout=m_egg*C*(T 1 -T2)*60 "Finding kJ/min" 


1-137 Steel balls at 140°C with a specific heat of 0.50 kJ/kg-°C are quenched in an oil bath to an average 
temperature of 85°C at a rate of 35 balls per minute. If the average mass of steel balls is 1.2 kg, the rate of 
heat transfer from the balls to the oil is 

(a) 33 kJ/s (b) 1 980 kJ/s (c) 49 kJ/s (d) 30 kJ/s (e) 1 9 kJ/s 


Answer (e) 19 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


c=0.50 [kJ/kg-K] 
ml =1.2 [kg] 

T1=140 [C] 

T2=85 [C] 
n=35 "balls/min" 
m=n*m1/60 "kg/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
"-E_out = dU_system" 

Qout=m*c*(T1-T2) "kJ/s" 

“Some Wrong Solutions with Common Mistakes:” 
W1_Qout = m*c*T1 "Using T1 only" 

W2_Qout = m1*c*(T1-T2) "Using one egg only" 
W3_Qout = m*c*T2 "Using T2 only" 

W4_Qout=m1 *c*(T 1 -T2)*60 "Finding kJ/min" 
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1-138 A cold bottled drink ( m = 2.5 kg, C p = 4200 J/kg-°C) at 5°C is left on a table in a room. The 
average temperature of the drink is observed to rise to 15°C in 30 minutes. The average rate of heat 
transfer to the drink is 

(a) 23 W (b) 29 W (c) 58 W (d) 88 W (e) 122 W 


Answer. 58 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


c=4200 [J/kg-K] 
m=2.5 [kg] 

T1 =5 [C] 

T2=15 [C] 
time = 30*60 [s] 

"Applying energy balance E_in-E_out=dE_system gives" 
Q=m*c*(T2-T1) 

Qave=Q/time 

“Some Wrong Solutions with Common Mistakes:” 
W1_Qave = m*c*T1/time "Using T1 only" 

W2_Qave = c*(T2-T1)/time "Not using mass" 

W3_Qave = m*c*T2/time "Using T2 only" 


1-139 Water enters a pipe at 20°C at a rate of 0.25 kg/s and is heated to 60°C. The rate of heat transfer to 
the water is 

(a)10kW (b) 20.9 kW (c)41.8kW (d)62.7kW (e) 167.2 kW 

Answer (c)41.8kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_in=20 [C] 

T_out=60 [C] 
m_dot=0.25 [kg/s] 
c_p=4.1 8 [kJ/kg-C] 

Q_dot=m_dot*c_p*(T_out-T_in) 

"Some Wrong Solutions with Common Mistakes" 

W1_Q_dot=m_dot*(T_out-T_in) "Not using specific heat" 

W2_Q_dot=c_p*(T_out-T_in) "Not using mass flow rate" 

W3_Q_dot=m_dot*c_p*T_out "Using exit temperature instead of temperature change" 
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1-140 Air enters a 12-m-long, 7-cm-diameter pipe at 50°C at a rate of 0.06 kg/s. The air is cooled at an 
average rate of 400 W per nr surface area of the pipe. The air temperature at the exit of the pipe is 

(a) 4.3°C (b) 17.5°C (c) 32.5°C (d)43.4°C (e) 45.8°C 


Answer (c) 32.5°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


L=1 2 [m] 

D=0.07 [m] 

T1=50 [C] 
m_dot=0.06 [kg/s] 
q=400 [W/m A 2] 


A=pi*D*L 

Q_dot=q*A 

c_p=1 007 [J/kg-C] "Table A-1 5" 

Q_dot=m_dot*c_p*(T 1 -T2) 

"Some Wrong Solutions with Common Mistakes" 

q=m_dot*c_p*(T1 -W1_T2) "Using heat flux, q instead of rate of heat transfer, Q_dot" 
Q_dot=m_dot*4180*(T1 -W2_T2) "Using specific heat of water" 
Q_dot=m_dot*c_p*W3_T2 "Using exit temperature instead of temperature change" 


1-141 Heat is lost steadily through a 0.5-cm thick 2 m x 3 m window glass whose thermal conductivity is 
0.7 W/m °C. The inner and outer surface temperatures of the glass are measured to be 12°C to 9°C. The 
rate of heat loss by conduction through the glass is 

(a) 420 W (b) 5040 W (c) 17,600 W (d) 1256 W (e) 2520 W 


Answer (e) 2520 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


A=3*2 [m A 2] 

L=0.005 [m] 

T1=12 [C] 

T2=9 [C] 
k=0.7 [W/m-C] 

Q=k*A*(T1 -T2)/L 

“Some Wrong Solutions with Common Mistakes:” 

W1_Q=k*(T1-T2)/L "Not using area" 

W2_Q=k*2*A*(T 1 -T2)/L "Using areas of both surfaces" 
W3_Q=k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 
W4_Q=k*A*L*(T 1 -T2) "Multiplying by thickness instead of dividing by it" 
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1-142 The East wall of an electrically heated house is 6 m long, 3 m high, and 0.35 m thick, and it has an 
effective thermal conductivity of 0.7 W/m.°C. If the inner and outer surface temperatures of wall are 15°C 
and 6°C, the rate of heat loss through the wall is 

(a) 324 W (b) 40 W (c) 756 W (d) 648 W (e) 1390 W 


Answer (a) 324 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


A=3*6 [m A 2] 

L=0.35 [m] 
k=0.7 [W/m-C] 

T 1 =1 5 [C] 

T2=6 [C] 

Q_cond=k*A*(T 1 -T2)/L 

"Wrong Solutions:" 

W1 _Q=k*(T 1 -T2)/L "Not using area" 

W2_Q=k*2*A*(T1-T2)/L "Using areas of both surfaces" 
W3_Q=k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 
W4_Q=k*A*L*(T1 -T2) "Multiplying by thickness instead of dividing by it" 


1-143 Steady heat conduction occurs through a 0.3-m thick 9 m by 3 m composite wall at a rate of 1.2 kW. 
If the inner and outer surface temperatures of the wall are 15°C and 7°C, the effective thermal conductivity 
of the wall is 

(a) 0.61 W/m-°C (b) 0.83 W/m°C (c) 1.7 W/m-°C (d) 2.2 W/m-°C (e) 5.1 W/m-°C 


Answer (c) 1.7 W/m-°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


A=9*3 [m A 2] 

L=0.3 [m] 

T1 =1 5 [C] 

T2=7 [C] 

Q=1 200 [W] 

Q=k*A*(T1 -T2)/L 

"Wrong Solutions:" 

Q=W1 _k*(T 1 -T2)/L "Not using area" 

Q=W2_k*2*A*(T 1 -T2)/L "Using areas of both surfaces" 
Q=W3_k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 
Q=W4_k*A*L*(T 1 -T2) "Multiplying by thickness instead of dividing by it" 
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1-144 Heat is lost through a brick wall (k = 0.72 W/m-°C), which is 4 m long, 3 m wide, and 25 cm thick at 
a rate of 500 W. If the inner surface of the wall is at 22°C, the temperature at the midplane of the wall is 

(a) 0°C (b) 7.5°C (c) 11.0°C (d) 14.8°C (e) 22°C 


Answer (d) 14.8°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


k=0.72 [W/m-C] 

Length=4 [m] 

Width=3 [m] 

L=0.25 [m] 

Q_dot=500 [W] 

T1=22 [C] 

A=Length*Width 

Q_dot=k*A*(T1 -T_middle)/(0.5*L) 

"Some Wrong Solutions with Common Mistakes" 
Q_dot=k*A*(T1-W1_T_middle)/L "Using L instead of 0.5L" 
W2_T_middle=T1/2 "Just taking the half of the given temperature" 


1-145 Consider two different materials, A and B. The ratio of thermal conductivities is k A /k ti = 13, the ratio 
of the densities is p A /pn = 0.045, and the ratio of specific heats is c p jJc Pt B = 16.9. The ratio of the thermal 
diffusivities « a /«b is 

(a) 4882 (b) 17.1 (c) 0.06 (d) 0.1 (e) 0.03 


Answer (b) 17.1 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


k_A\k_B=13 
rho_A\rho_B=0.045 
c_p_A\c_p_B=1 6.9 

"From the definition of thermal diffusivity, alpha = k/(rho*c-p)" 
alpha_A\alpha_B=k_A\k_B*(1 /rho_A\rho_B)*(1 /c_p_A\c_p_B) 

"Some Wrong Solutions with Common Mistakes" 

W1_alpha_A\alpha_B=k_A\k_B*rho_A\rho_B*(1/c_p_A\c_p_B) "Not inversing density ratio" 
W2_alpha_A\alpha_B=k_A\k_B*(1/rho_A\rho_B)*c_p_A\c_p_B "Not inversing specific heat ratio" 
W3_alpha_A\alpha_B=1/(k_A\k_B)*(1/rho_A\rho_B)*(1/c_p_A\c_p_B) "Inversing conductivity 
ratio" 

W4_alpha_A\alpha_B=1/(k_A\k_B*(1/rho_A\rho_B)*(1/c_p_A\c_p_B)) "Taking the inverse of 
result" 
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1-146 A 10-cm high and 20-cm wide circuit board houses on its surface 100 closely spaced chips, each 
generating heat at a rate of 0.08 W and transferring it by convection and radiation to the surrounding 
medium at 40°C. Heat transfer from the back surface of the board is negligible. If the combined convection 
and radiation heat transfer coefficient on the surface of the board is 22 W/m - 0 C, the average surface 
temperature of the chips is 

(a) 72.4°C (b) 66.5°C (c) 40.4°C (d) 58.2°C (e)49.1°C 


Answer (d) 58.2°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


A=0.1*0.2 [m A 2] 

Q= 1 00*0.08 [W] 

Tair=40 [C] 
h=22 [W/m A 2-C] 

Q= h*A*(Ts-Tair) 

"Wrong Solutions:" 

Q= h*(W1_Ts-Tair) "Not using area" 

Q= h*2*A*(W2_Ts-Tair) "Using both sides of surfaces" 

Q= h*A*(W3_Ts+Tair) "Adding temperatures instead of subtracting" 
Q/1 00= h*A*(W4_Ts-Tair) "Considering 1 chip only" 


1-147 A 40-cm-long, 0.4-cm-diameter electric resistance wire submerged in water is used to determine the 
convection heat transfer coefficient in water during boiling at 1 atm pressure. The surface temperature of 
the wire is measured to be 1 14°C when a wattmeter indicates the electric power consumption to be 7.6 kW. 
The heat transfer coefficient is 

(a) 108 kW/m 2 -°C (b) 13.3 kW/m 2 -°C (c) 68.1 kW/m 2 -°C (d) 0.76 kW/m 2 -°C 
(e) 256 kW/m 2 -°C 


Answer (a) 108 kW/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


L=0.4 [m] 

D=0.004 [m] 

A=pi*D*L [m A 2] 

We=7.6 [kW] 

Ts=1 14 [C] 

Tf=100 [C] “Boiling temperature of water at 1 atm" 

We= h*A*(Ts-Tf) 

"Wrong Solutions:" 

We= W1_h*(Ts-Tf) "Not using area" 

We= W2_h*(L*pi*D A 2/4)*(Ts-Tf) "Using volume instead of area" 
We= W3_h*A*Ts "Using Ts instead of temp difference" 
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1-148 A 10 cm x 12 cm x 14 cm rectangular prism object made of hardwood (p = 721 kg/m 3 , c p = 

1.26 kJ/kg-°C) is cooled from 100°C to the room temperature of 20°C in 54 minutes. The approximate 
heat transfer coefficient during this process is 

(a) 0.47 W/m 2 -°C (b) 5.5 W/m 2 -°C (c) 8 W/m 2 -°C (d) 1 1 W/m 2 -°C (e) 17,830 W/m 2 -°C 

Answer (d) 1 1 W/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


a=0.1 0 [m] 
b=0.1 2 [m] 
c=0.14 [m] 
rho=721 [kg/m A 3] 
c_p=1 260 [J/kg-C] 

T1=100 [C] 

T2=20 [C] 
time=54*60 [s] 

V=a*b*c 

m=rho*V 

Q=m*c_p*(T1 -T2) 

Q_dot=Q/time 
T_ave=1/2*(T1 +T2) 

TJnfinity=T2 

A_s=2*a*b+2*a*c+2*b*c 

Q_dot=h*A_s*(T_ave-T_infinity) 

"Some Wrong Solutions with Common Mistakes" 
Q_dot=W1_h*A_s*(T1-T2) "Using T1 instead of T_ave" 
Q_dot=W2_h*(T1 -T2) "Not using A" 

Q=W3_h*A_s*(T1 -T2) "Using Q instead of Q_dot " 
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1-149 A 30-cm diameter black ball at 120°C is suspended in air, and is losing heat to the surrounding air at 
25°C by convection with a heat transfer coefficient of 12 W/m °C, and by radiation to the surrounding 
surfaces at 15°C. The total rate of heat transfer from the black ball is 

(a) 322 W (b) 595 W (c) 234 W (d) 472 W (e)2100W 

Answer. 595 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

sigma=5.67E-8 [W/m A 2-K A 4] 

eps=1 

D=0.3 [m] 

A=pi*D A 2 

h_conv=12 [W/m A 2-C] 

Ts=120 [C] 

Tf=25 [C] 

Tsurr=15 [C] 

Q_conv=h_conv*A*(T s-Tf) 

Q_rad=eps*sigma*A*((Ts+273) A 4-(Tsurr+273) A 4) 

Q_total=Q_conv+Q_rad 

"Wrong Solutions:" 

W1_QI=Q_conv "Ignoring radiation" 

W2_Q=Q_rad "ignoring convection" 

W3_Q=Q_conv+eps*sigma*A*(Ts A 4-Tsurr A 4) "Using C in radiation calculations" 

W4_Q=Q_total/A "not using area" 


1-150 A 3 -nr black surface at 140°C is losing heat to the surrounding air at 35°C by convection with a heat 
transfer coefficient of 16 W/m °C, and by radiation to the surrounding surfaces at 15°C. The total rate of 
heat loss from the surface is 

(a) 5105 W (b) 2940 W (c) 3779 W (d)8819W (e) 5040 W 

Answer (d) 8819 W 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


sigma=5.67E-8 [W/m A 2-K A 4] 

eps=1 

A=3 [m A 2] 

h_conv=16 [W/m A 2-C] 

Ts=140 [C] 

Tf=35 [C] 

Tsurr=15 [C] 

Q_conv=h_conv*A*(T s-Tf) 

Q_rad=eps*sigma*A*((Ts+273) A 4-(Tsurr+273) A 4) 

Q_total=Q_conv+Q_rad 

“Some Wrong Solutions with Common Mistakes:” 

W1_QI=Q_conv "Ignoring radiation" 

W2_Q=Q_rad "ignoring convection" 

W3_Q=Q_conv+eps*sigma*A*(Ts A 4-Tsurr A 4) "Using C in radiation calculations" 
W4_Q=Q_total/A "not using area" 
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1-151 A person’s head can be approximated as a 25-cm diameter sphere at 35°C with an emissivity of 0.95. 
Heat is lost from the head to the surrounding air at 25 °C by convection with a heat transfer coefficient of 
1 1 W/m -°C, and by radiation to the surrounding surfaces at 10°C. Disregarding the neck, determine the 
total rate of heat loss from the head. 

(a) 22 W (b) 27 W (c) 49 W (d) 1 72 W (e) 249 W 

Answer : 49 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


sigma=5.67E-8 [W/m A 2-K A 4] 

eps=0.95 

D=0.25 [m] 

A=pi*D A 2 

h_conv=1 1 [W/m A 2-C] 

Ts=35 [C] 

Tf=25 [C] 

Tsurr=10 [C] 

Q_conv=h_conv*A*(T s-Tf) 

Q_rad=eps*sigma*A*((T s+273) A 4-(T surr+273) A 4) 

Q_total=Q_conv+Q_rad 
"Wrong Solutions:" 

W1_QI=Q_conv "Ignoring radiation" 

W2_Q=Q_rad "ignoring convection" 

W3_Q=Q_conv+eps*sigma*A*(Ts A 4-Tsurr A 4) "Using C in radiation calculations" 
W4_Q=Q_total/A "not using area" 


1-152 A 30-cm-long, 0.5-cm-diameter electric resistance wire is used to determine the convection heat 
transfer coefficient in air at 25°C experimentally. The surface temperature of the wire is measured to be 
230°C when the electric power consumption is 180 W. If the radiation heat loss from the wire is calculated 
to be 60 W, the convection heat transfer coefficient is 

(a) 186 W/m 2 -°C (b) 158 W/m 2 -°C (c) 124 W/m 2 -°C (d) 248 W/m 2 -°C (e) 390 W/m 2 -°C 

Answer (c) 124 W/m 2 - °C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


L=0.3 [m] 

D=0.005 [m] 

A=pi*D*L 
We=180 [W] 

Ts=230 [C] 

Tf=25 [C] 

Qrad = 60 

We- Qrad = h*A*(Ts-Tf) 

“Some Wrong Solutions with Common Mistakes:” 

We- Qrad = W1_h*(Ts-Tf) "Not using area" 

We- Qrad = W2_h*(L*D)*(Ts-Tf) "Using D*L for area" 

We+ Qrad = W3_h*A*(Ts-Tf) "Adding Q_rad instead of subtracting" 
We= W4JTA*(Ts-Tf) "Disregarding Q_rad" 
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1-153 A room is heated by a 1.2 kW electric resistance heater whose wires have a diameter of 4 mm 
and a total length of 3.4 m. The air in the room is at 23°C and the interior surfaces of the room are at 
17°C. The convection heat transfer coefficient on the surface of the wires is 8 W/m *°C. If the rates of 
heat transfer from the wires to the room by convection and by radiation are equal, the surface 
temperature of the wires is 

(a) 3534°C (b) 1778°C (c) 1772°C (d) 98°C (e) 25°C 


Answer (b) 1778°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.004 [m] 

L=3.4 [m] 

W_dot_e=1200 [W] 

T_infinity=23 [C] 

T_surr=17 [C] 
h=8 [W/m A 2-C] 

A=pi*D*L 

Q_dot_conv=W_dot_e/2 

Q_dot_conv=h*A*(T_s-T_infinity) 

"Some Wrong Solutions with Common Mistakes" 

Q_dot_conv=h*A*(W1_T_s-T_surr) "Using T surr instead of TJnfinity" 
Q_dot_conv/1000=h*A*(W2_T_s-T_infinity) "Using kW unit for the rate of heat transfer" 
Q_dot_conv=h*(W3_T_s-T_infinity) "Not using surface area of the wires" 
W_dot_e=h*A*(W4_T_s-T_infinity) "Using total heat transfer" 
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1-154 A person standing in a room loses heat to the air in the room by convection and to the surrounding 
surfaces by radiation. Both the air in the room and the surrounding surfaces are at 20°C. The exposed 
surfaces of the person is 1.5 m and has an average temperature of 32°C, and an emissivity of 0.90. If the 
rates of heat transfer from the person by convection and by radiation are equal, the combined heat transfer 
coefficient is 

(a) 0.008 W/m 2 -°C (b) 3.0 W/m 2 -°C (c) 5.5 W/m 2 -°C (d) 8.3 W/m 2o C (e) 10.9 W/m 2 -°C 


Answer (e) 10.9 W/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=20 [C] 

T_surr=20 [C] 

T_s=32 [C] 

A=1 .5 [m A 2] 
epsilon=0.90 

sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot_rad=epsilon*A*sigma*((T_s+273) A 4-(T_surr+273) A 4) 

Q_dot_total=2*Q_dot_rad 

Q_dot_total=h_combined*A*(T_s-TJnfinity) 

"Some Wrong Solutions with Common Mistakes" 

Q_dot_rad=W1_h_combined*A*(T_s-TJnfinity) "Using radiation heat transfer instead of total heat 
transfer" 

Q_dot_rad_1=epsilon*A*sigma*(T_s A 4-T_surr A 4) "Using C unit for temperature in radiation 
calculation" 

2*Q_dot_rad_1=W2_h_combined*A*(T_s-T_infinity) 


1-155 While driving down a highway early in the evening, the air flow over an automobile establishes an 
overall heat transfer coefficient of 25 W/m K. The passenger cabin of this automobile exposes 8 m of 
surface to the moving ambient air. On a day when the ambient temperature is 33°C, how much cooling 
must the air conditioning system supply to maintain a temperature of 20°C in the passenger cabin? 

(a) 0.65 MW (b) 1 .4 MW (c) 2.6 MW (d) 3.5 MW (e) 0.94 MW 


Answer (c) 2.6 MW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

h=25 [W/m A 2-C] 

A=8 [m A 2] 

T_1 =33 [C] 

T_2=20 [C] 

Q=h*A*(T_2-T_1 ) 
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1-156 On a still clear night, the sky appears to be a blackbody with an equivalent temperature of 250 K. 
What is the air temperature when a strawberry field cools to 0°C and freezes if the heat transfer coefficient 
between the plants and the air is 6 W/m 2o C because of a light breeze and the plants have an emissivity of 


0.9? 

(a) 14°C (b) 7°C (c) 3°C (d) 0°C (e) -3°C 


Answer (a) 14°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


e=0.9 

h=6 [W/m A 2-K] 

T_1 =273 [K] 

T_2=250 [K] 

h*(T-T_1 )=e*sigma#*(T_1 A 4-T_2 A 4) 


1-157 Over 90 percent of the energy dissipated by an incandescent light bulb is in the form of heat, not 
light. What is the temperature of a vacuum-enclosed tungsten filament with an exposed surface area of 2.03 
cm in a 100 W incandescent light bulb? The emissivity of tungsten at the anticipated high temperatures is 
about 0.35. Note that the light bulb consumes 100 W of electrical energy, and dissipates all of it by 
radiation. 

(a) 1870 K (b) 2230 K (c) 2640 K (d) 3120 K (e) 2980 K 


Answer (b) 2230 K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

e =0.35 
Q=100 [W] 

A=2.03E-4 [m A 2] 

Q=e*A*sigma#*T A 4 
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1- 158 Commercial surface coating processes often use infrared lamps to speed the curing of the coating. A 

2- mm- thick, teflon (k = 0.45 W/m-K) coating is applied to a 4 m x 4 m surface using this process. Once the 
coating reaches steady-state, the temperature of its two surfaces are 50°C and 45 °C. What is the minimum 
rate at which power must be supplied to the infrared lamps steadily? 

(a) 1 8 kW (b) 20 kW (c) 22 kW (d) 24 kW (e) 26 kW 


Answer (a) 18 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

k=0.45 [W/m-K] 

A=16 [m A 2] 
t=0.002 [m] 
dT=5 [C] 

Q=k*A*dT/t 


1-159 .. . 1-161 Design and Essay Problems 
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Chapter 2 

HEAT CONDUCTION EQUATION 


Introduction 

2-1C Heat transfer is a vector quantity since it has direction as well as magnitude. Therefore, we must 
specify both direction and magnitude in order to describe heat transfer completely at a point. Temperature, 
on the other hand, is a scalar quantity. 


2-2C The term steady implies no change with time at any point within the medium while transient implies 
variation with time or time dependence. Therefore, the temperature or heat flux remains unchanged with 
time during steady heat transfer through a medium at any location although both quantities may vary from 
one location to another. During transient heat transfer, the temperature and heat flux may vary with time 
as well as location. Heat transfer is one-dimensional if it occurs primarily in one direction. It is two- 
dimensional if heat tranfer in the third dimension is negligible. 


2-3C Heat transfer to a canned drink can be modeled as two-dimensional since temperature differences 
(and thus heat transfer) will exist in the radial and axial directions (but there will be symmetry about the 
center line and no heat transfer in the azimuthal direction. This would be a transient heat transfer process 
since the temperature at any point within the drink will change with time during heating. Also, we would 
use the cylindrical coordinate system to solve this problem since a cylinder is best described in cylindrical 
coordinates. Also, we would place the origin somewhere on the center line, possibly at the center of the 
bottom surface. 


2-4C Heat transfer to a potato in an oven can be modeled as one-dimensional since temperature differences 
(and thus heat transfer) will exist in the radial direction only because of symmetry about the center point. 
This would be a transient heat transfer process since the temperature at any point within the potato will 
change with time during cooking. Also, we would use the spherical coordinate system to solve this 
problem since the entire outer surface of a spherical body can be described by a constant value of the radius 
in spherical coordinates. We would place the origin at the center of the potato. 


2-5C Assuming the egg to be round, heat transfer to an egg in boiling water can be modeled as one- 
dimensional since temperature differences (and thus heat transfer) will primarily exist in the radial 
direction only because of symmetry about the center point. This would be a transient heat transfer process 
since the temperature at any point within the egg will change with time during cooking. Also, we would 
use the spherical coordinate system to solve this problem since the entire outer surface of a spherical body 
can be described by a constant value of the radius in spherical coordinates. We would place the origin at 
the center of the egg. 


2-6C Heat transfer to a hot dog can be modeled as two-dimensional since temperature differences (and thus 
heat transfer) will exist in the radial and axial directions (but there will be symmetry about the center line 
and no heat transfer in the azimuthal direction. This would be a transient heat transfer process since the 
temperature at any point within the hot dog will change with time during cooking. Also, we would use the 
cylindrical coordinate system to solve this problem since a cylinder is best described in cylindrical 
coordinates. Also, we would place the origin somewhere on the center line, possibly at the center of the hot 
dog. Heat transfer in a very long hot dog could be considered to be one-dimensional in preliminary 
calculations. 
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2-7C Heat transfer to a roast beef in an oven would be transient since the temperature at any point within 
the roast will change with time during cooking. Also, by approximating the roast as a spherical object, this 
heat transfer process can be modeled as one-dimensional since temperature differences (and thus heat 
transfer) will primarily exist in the radial direction because of symmetry about the center point. 


2-8C Heat loss from a hot water tank in a house to the surrounding medium can be considered to be a 
steady heat transfer problem. Also, it can be considered to be two-dimensional since temperature 
differences (and thus heat transfer) will exist in the radial and axial directions (but there will be symmetry 
about the center line and no heat transfer in the azimuthal direction.) 


2-9C Yes, the heat flux vector at a point P on an isothermal surface of a medium has to be perpendicular to 
the surface at that point. 


2-10C Isotropic materials have the same properties in all directions, and we do not need to be concerned 
about the variation of properties with direction for such materials. The properties of anisotropic materials 
such as the fibrous or composite materials, however, may change with direction. 


2-11C In heat conduction analysis, the conversion of electrical, chemical, or nuclear energy into heat (or 
thermal) energy in solids is called heat generation. 


2-12C The phrase “thermal energy generation” is equivalent to “heat generation,” and they are used 
interchangeably. They imply the conversion of some other form of energy into thermal energy. The phrase 
“energy generation,” however, is vague since the form of energy generated is not clear. 


2-13 Heat transfer through the walls, door, and the top and bottom sections of an oven is transient in nature 
since the thermal conditions in the kitchen and the oven, in general, change with time. However, we would 
analyze this problem as a steady heat transfer problem under the worst anticipated conditions such as the 
highest temperature setting for the oven, and the anticipated lowest temperature in the kitchen (the so 
called “design” conditions). If the heating element of the oven is large enough to keep the oven at the 
desired temperature setting under the presumed worst conditions, then it is large enough to do so under all 
conditions by cycling on and off. 

Heat transfer from the oven is three-dimensional in nature since heat will be entering through all 
six sides of the oven. However, heat transfer through any wall or floor takes place in the direction normal 
to the surface, and thus it can be analyzed as being one-dimensional. Therefore, this problem can be 
simplified greatly by considering the heat transfer as being one- dimensional at each of the four sides as 
well as the top and bottom sections, and then by adding the calculated values of heat transfers at each 
surface. 
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2-14E The power consumed by the resistance wire of an iron is given. The heat generation and the heat 
flux are to be determined. 


Assumptions Heat is generated uniformly in the resistance wire. 

Analysis A 1000 W iron will convert electrical energy into 
heat in the wire at a rate of 1000 W. Therefore, the rate of heat 
generation in a resistance wire is simply equal to the power 
rating of a resistance heater. Then the rate of heat generation in T = 15 in 

the wire per unit volume is determined by dividing the total 
rate of heat generation by the volume of the wire to be 



E 


p — 
gen 


gen 


E 


gen 


1000 w 


1 / 


wire 


0 tD 2 IA)L [tt( 0.08 / 1 2 ft) 2 /4](15/12ft) 


3.412 Btu/h 
1W 


= 7.820x10 7 Btu/h ft 3 


Similarly, heat flux on the outer surface of the wire as a result of this heat generation is determined by 
dividing the total rate of heat generation by the surface area of the wire to be 


E 




gen 


E 


gen 


1000 w 


A 


wire 


ttDL ^(0.08 / 12 ft) (15 / 12 ft) 


3.412 Btu/h 
1W 


= 1.303 xlO 5 Btu/h ft 


Discussion Note that heat generation is expressed per unit volume in Btu/h-ft 3 whereas heat flux is 
expressed per unit surface area in Btu/h-ft . 
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2-15E EES Prob. 2-14E is reconsidered. The surface heat flux as a function of wire diameter is to be 
plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

E_dot=1 000 [W] 

L=15 [in] 

D=0.08 [in] 

"ANALYSIS" 

g_dot=E_dot/V_wire*Convert(W, Btu/h) 
V_wire=pi*D A 2/4*L*Convert(in A 3, ft A 3) 
q_dot=E_dot/A_wire*Convert(W, Btu/h) 
A_wire=pi*D*L*Convert(in A 2, ft A 2) 



D [in] 

q 

[Btu/h.ft 2 ] 

0.02 

521370 

0.04 

260685 

0.06 

173790 

0.08 

130342 

0.1 

104274 

0.12 

86895 

0.14 

74481 

0.16 

65171 

0.18 

57930 

0.2 

52137 


2-16 A certain thermopile used for heat flux meters is considered. The minimum heat flux this meter can 
detect is to be determined. 

Assumptions 1 Steady operating conditions exist. 

Properties The thermal conductivity of kapton is given to be 0.345 W/m-K. 

Analysis The minimum heat flux can be determined from 

q = k — = (0.345 W/m • °C) - °' 1 C - = 1 7.3 W/m 2 
L 0.002 m 
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2-17 The rate of heat generation per unit volume in the uranium rods is given. The total rate of heat 
generation in each rod is to be determined. 

Assumptions Heat is generated uniformly in the uranium rods. 

Analysis The total rate of heat generation in the rod is 
determined by multiplying the rate of heat generation per unit 
volume by the volume of the rod 

£ gen =^gen t/ rod = e gen ( 7 rD 2 / 4)L = (1 x 10 7 W/m 3 )[/r(0.05 m) 2 / 4](1 m) = 1.374 xlO 5 W = 137kW 


g = 7xl0 7 W/m 3 



L = 1 m 


2-18 The variation of the absorption of solar energy in a solar pond with depth is given. A relation for the 
total rate of heat generation in a water layer at the top of the pond is to be determined. 

Assumptions Absorption of solar radiation by water is modeled as heat generation. 

Analysis The total rate of heat generation in a water layer of surface area A and thickness L at the top of the 
pond is determined by integration to be 



= j v e g en d ' V = J" _ 0 e 0 e bx (Adx) = Ae { 


—bx 


-b 


L 


Ae 0 (l-e bL ) 

b 


2-19 The rate of heat generation per unit volume in a stainless steel plate is given. The heat flux on the 
surface of the plate is to be determined. 


Assumptions Heat is generated uniformly in steel plate. 

Analysis We consider a unit surface area of 1 m . The total rate of heat 
generation in this section of the plate is 

E gen =e gen t' plate =e gen G4xI) = (5xl0 6 W/m 3 )(lm 2 )(0.03m) = 1.5xl0 5 W 

Noting that this heat will be dissipated from both sides of the plate, 
the heat flux on either surface of the plate becomes 

q = = LSxl ° 5 W = 75,000 W/m 2 = 75 kW/m 2 

Opiate 2 X 1 m 


e 

L 

<r-> 
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Heat Conduction Equation 


2-20 The one-dimensional transient heat conduction equation for a plane wall with constant thermal 

- . . - . . . d T ^gen 1 . . 

conductivity and heat generation is — — H = . Here T is the temperature, x is the space variable, 

dx 2 k a dt 

e gen is the heat generation per unit volume, k is the thermal conductivity, a is the thermal diffusivity, and t 
is the time. 


2-21 The one-dimensional transient heat conduction equation for a plane wall with constant thermal 


conductivity and heat generation is — — 

r dr 


dT^e 1 dT . 

- . Here T is the temperature, r is the space 


dr 


k a dt 


variable, g is the heat generation per unit volume, k is the thermal conductivity, a is the thermal diffusivity, 
and t is the time. 


2-22 We consider a thin element of thickness Ax in a large plane wall (see Fig. 2-13 in the text). The 
density of the wall is /?, the specific heat is c, and the area of the wall normal to the direction of heat 
transfer is A. In the absence of any heat generation, an energy balance on this thin element of thickness Ax 
during a small time interval At can be expressed as 

A F 

6 A _ element 

x j^x+Ax — A 

At 

where 

^element = E l + At ~ E ,= ™c(T t+u -T,) = pcAAx(T l+A , -T f ) 

Substituting, 


Qx -Qx+Ax = pcAXx 
Dividing by AAx gives 

1 Qx + Ax~Q 


^t+At T t 

At 


T -T 

x ^ 1 t+At M t 

= pc- 


A Ax A^ 

Taking the limit as Ax — > 0 and A^ — » 0 yields 


1 a 


A dx 


kA 


dT 

dx 


= Pc 


dT ' 
dt 


since from the definition of the derivative and Fourier’ s law of heat conduction, 

Qx + Ax-Qx SQ 


lim 

Ax— >0 


Ax 


dx dx 


d! -u dT 


dx 


Noting that the area A of a plane wall is constant, the one-dimensional transient heat conduction equation 
in a plane wall with constant thermal conductivity k becomes 


d 2 r 


1 dT 


dx 2 « dt 

where the property a = k / pc is the thermal diffusivity of the material. 
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2-23 We consider a thin cylindrical shell element of thickness A r in a long cylinder (see Fig. 2-15 in the 
text). The density of the cylinder is /?, the specific heat is c, and the length is L. The area of the cylinder 
normal to the direction of heat transfer at any location is A — 2 wL where r is the value of the radius at that 
location. Note that the heat transfer area A depends on r in this case, and thus it varies with location. An 
energy balance on this thin cylindrical shell element of thickness A r during a small time interval At can be 
expressed as 

A E, 


Qr Qr+Ar ^element 


element 

At 


where 


^element = E t+At ~ E t = mc(T t+At -T t ) = pcAAr(T t+M -T t ) 


77 » *11 

^ element — ^gen ''element — ^ 


gen 


AAr 


Substituting, 


Qr ~ Qr+Ar + ^go n AAr = P° AAr 


T — T 

1 t+At 1 t 

At 


where A = 2 7trL . Dividing the equation above by AAr gives 

Tt+At ~T t 


1 Qr+Ar Qr . • _ 1 t+At 

-+^gen = PC 


A A r ' A^ 

Taking the limit as Ar — » 0 and A^ — > 0 yields 


]_d_ 
A dr 


kA 


dT 

dr 




+ ^gen - P c 


dT 

dt 


since, from the definition of the derivative and Fourier’s law of heat conduction, 

Qr+Ar ~ Qr $Q 


lim 

Ar-»0 


Ar 


dr dr 


d ( . t dT^ 
-kA 


dr 


Noting that the heat transfer area in this case is A- ItjtL and the thermal conductivity is constant, the one- 
dimensional transient heat conduction equation in a cylinder becomes 


1 8 ( dT 
r 


dr 


V 


dr 


1 dT 

+ ^gen ^7 

a dt 


where a = k / pc is the thermal diffusivity of the material. 
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2-24 We consider a thin spherical shell element of thickness A r in a sphere (see Fig. 2-17 in the text).. The 
density of the sphere is p, the specific heat is c, and the length is L. The area of the sphere normal to the 

direction of heat transfer at any location is A- Am' where r is the value of the radius at that location. 
Note that the heat transfer area A depends on r in this case, and thus it varies with location. When there is 
no heat generation, an energy balance on this thin spherical shell element of thickness A r during a small 
time interval At can be expressed as 


Qr~Q 


r+Ar 


A E 


element 


At 


where 


^element = E t+ A, ~ E ,= mc{T, +At ~T { ) = pcAAr(T t+At -T t ) 

Substituting, 

Qr - Qr+Ar = PC^Ar ^ ^ 


where A = Am' . Dividing the equation above by AAr gives 


1 Qr+Ar Qi 


= pc 


T -T 

1 t+At 1 1 


A A r At 

Taking the limit as Ar — » 0 and At — > 0 yields 


\_d_ 
A dr 


kA 


dT 

dr 


= pc 


dT 

dt 


since, from the definition of the derivative and Fourier’s law of heat conduction, 


lim 

Ar-»0 


Qr+Ar ~Qr d Q 


Ar 


dr dr 


d ( , . dT 
-kA 




dr 


... 9 

Noting that the heat transfer area in this case is A - Am' and the thermal conductivity k is constant, the 
one-dimensional transient heat conduction equation in a sphere becomes 


1 a 


,2 fi r 


dT_ 

dr 




]_dT_ 

a dt 


where a = k / pc is the thermal diffusivity of the material. 


2-25 For a medium in which the heat conduction equation is given in its simplest by = : 

dx 2 a dt 

(a) Heat transfer is transient, (b) it is one-dimensional, (c) there is no heat generation, and id) the thermal 
conductivity is constant. 
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2-26 

)_d_ 
r dr 


For a medium in which the heat conduction equation is given in its simplest by 


rk 


dT 

dr 


^gen ^ * 


(i a ) Heat transfer is steady, ( b ) it is one-dimensional, (c) there is heat generation, and ( d) the thermal 
conductivity is variable. 


2-27 For a medium in which the heat conduction equation is given by 


1 a 


2 dr 


dT_ 

dr 




]_dT_ 

a dt 


(a) Heat transfer is transient, ( b ) it is one-dimensional, (c) there is no heat generation, and (d) the thermal 
conductivity is constant. 


2-28 For a medium in which the heat conduction equation is given in its simplest by r 


d 2 T 


dr 2 dr 


+ ^ = 0 : 


(i a ) Heat transfer is steady, ( b ) it is one-dimensional, (c) there is no heat generation, and ( d) the thermal 
conductivity is constant. 
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2-29 We consider a small rectangular element of length Ax, width A y, and height Az = 1 (similar to the one 
in Fig. 2-21). The density of the body is p and the specific heat is c. Noting that heat conduction is two- 
dimensional and assuming no heat generation, an energy balance on this element during a small time 
interval At can be expressed as 


^ Rate of heat N 
conduction at the 
v surfacesat xandy y 


Rate of heat conduction^ 
at the surfaces at 
x + Ax and y + Ay 


r Rate of change of 
the energy content 
of the element 


or 


Q x +Q V -Qx+ax -Q 


A E 


element 


y+Ay 


At 


Noting that the volume of the element is Clement = AxAyAz = AxAy x 1 , the change in the energy content of 
the element can be expressed as 

^element = E l+ A, ~ E ,= n >c( E r+ A, ~T,)= pcAxAy(T, +M ~T ( ) 

Substituting, Q x + Qy - Q x + Ax - Q y+Ay = pcAxAy ,+A ' T ' 


Dividing by AxAy gives 

1 Qx+Ax ~Qx 1 Qy+Ay ~ Qy ^t+At ~ 

= pc 

Ay Ax Ax Ay At 

Taking the thermal conductivity k to be constant and noting that the heat transfer surface areas of the 
element for heat conduction in the x and y directions are A x - Ay x 1 and A y = Ax x 1, respectively, and 

taking the limit as Ax, Ay, and A^ — » 0 yields 


d 2 T d 2 T 


1 dT 


dx dy a dt 

since, from the definition of the derivative and Fourier’s law of heat conduction, 
1 Qy+Ay -Q x 1 SQ X 1 


lim 

A.v ^0 Ay A z Ax 

1 Qy+Ay Qy 


AyAz dx AyAz dx 


9 ( ... dT A 
- kAyAz — 
dx 


d ( , 9 T a 

k 


lim 


l 9 Q 


l 9 


7A . 8T 

- kAxAz 

dy 




Ay— >o AxAz Ay AxAz dy AxAz dy 

Here the property a = k / pc is the thermal diffusivity of the material. 


dx 


d 


dx 


- -k 


d 2 T 

dx 2 


dy 


k 


dT 

dy 


= -k 


d 2 T 

dy 2 
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A z 


2-30 We consider a thin ring shaped volume element of width Az and thickness A r in a cylinder. The 
density of the cylinder is p and the specific heat is c. In general, an energy balance on this ring element 
during a small time interval At can be expressed as 

(Qr-Q r+ Ar) + (Q Z -Q :+ ^)= AE fy L 

At 

But the change in the energy content of the element can be expressed as 

^element = E t+ & ~ E t = ™c(T t+At -T,) = pc(2nrAr)Az(T t+At -T t ) 

Substituting, 


(Qr - Q r+ Ar ) + (Qz~ Qz+Az ) = pc{2jirAr)Az 
Dividing the equation above by (2m , Ar)Az gives 

Qr+Ar ~ Qr 1 Qz+Az ~ Q 


1 

ItitAz 


^t+At 

At 


T, 



r+Ar 


A r 


2jrrAr 


Az 


- T 

z ^ t+At 1 1 

= pc 

At 


Noting that the heat transfer surface areas of the element for heat conduction in the r and z directions are 
A r = Im'Az and A z = 2/zrAr, respectively, and taking the limit as A r, Az and A^ — > 0 yields 


1 d f, dT ' 

kr 


r dr 


dr 


i a 


d<\> 


k 


dT 


+ 


d_ 

dz 


k 


dT_ 

dz 




~ P c 


dT_ 

dt 


since, from the definition of the derivative and Fourier’s law of heat conduction, 
1 fir+Ar-fir 1 SQ 1 


lim 

Ar— >o 2nrAz Ar 

1 Qz+Az -Q; 


lim 

Az—>q 2nrAr 


Az 


2nrAz dr 



2nrAr dz 2nrAr dz 


2nrAz dr 

i a r 


9 ( m a 

-k(2nrAz) — 

dr 


1 d (, dT ' 
kr 


- k(2nrAr) 


dT_ 

dz 


r dr 


d f, dT N 
k — 


dr 


dz 


dz 


For the case of constant thermal conductivity the equation above reduces to 


j__a_ 

r dr 


r 


dT ' 

aT 


d 2 T 


dz' 


j_ar 

a dt 


where a = k / pc is the thermal diffusivity of the material. For the case of steady heat conduction with no 
heat generation it reduces to 


1 d ( dT 

r — 


r dr 


v 


dr 


d 2 T 


= 0 


dz 
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2-31 Consider a thin disk element of thickness A z and diameter D in a long cylinder (Fig. P2-31). The 
density of the cylinder is p, the specific heat is c, and the area of the cylinder normal to the direction of heat 
transfer is A — ttD / 4 , which is constant. An energy balance on this thin element of thickness A z during a 
small time interval At can be expressed as 

^ Rate of heat ^ ( Rate of heat ^ f Rate of heat ^ f Rate of change of ^ 
conduction at - conduction at the + generation inside = the energy content 


the surface at z 


surface at z + Az 


the element 


of the element 


Qz Qz+Az ^element 


element 


But the change in the energy content of the element and the rate of heat generation within the element can 
be expressed as 

^element = E t + At ~ E t =mc(T t+ At ~T t ) = pcAAz(T t+At -T t ) 


^"element ^ gen ^element ^gen ^Az 


Substituting, 


Qz - Qz+Az + ^ 2 en AAz = P cAAz 


E t+At E t 


Dividing by AAz gives 

1 Qz+Az ~Qz , • _ E t+At ~ E t 

+ e„ en = pc 

A Az gen A- A{ 

Taking the limit as Az — » 0 and A^ — > 0 yields 

1 8 (, , dT } . dT 

kA + e„ eu = pc 

A dz{ dz) g dt 

since, from the definition of the derivative and Fourier’s law of heat conduction, 
lim Q, + ,-Q-. J_Q = l_(_ kA ery 

Az— >0 Az dz dz dz 


Noting that the area A and the thermal conductivity k are constant, the one-dimensional transient heat 
conduction equation in the axial direction in a long cylinder becomes 

d 2 T | ggen _ 1 dT 
dz 2 k a dt 

where the property a-klpc is the thermal diffusivity of the material. 
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2-32 For a medium in which the heat conduction equation is given by — — h — = : 

dx 2 dy~ a dt 

{a) Heat transfer is transient, ( b ) it is two-dimensional, (c) there is no heat generation, and ( d) the thermal 
conductivity is constant. 


2-33 For a medium in which the heat conduction equation is given by 

1 a 


r dr 


(r ST^ 


a 

(r ST) 

kr 

+ 


k 

V Sr j 


dz 

l dz J 


+ ^gen - 0 1 


(a) Heat transfer is steady, (b) it is two-dimensional, (c) there is heat generation, and ( d) the thermal 
conductivity is variable. 


2-34 For a medium in which the heat conduction equation is given by 


1 a 


dr 


dT_ 

dr 


+ 


1 


d 2 T 


r 2 sin 2 0 a4> 2 


j_ar 

a dt 


(a) Heat transfer is transient, ( b ) it is two-dimensional, (c) there is no heat generation, and (< d) the thermal 
conductivity is constant. 


Boundary and Initial Conditions; Formulation of Heat Conduction Problems 

2-35C The mathematical expressions of the thermal conditions at the boundaries are called the boundary 
conditions. To describe a heat transfer problem completely, two boundaiy conditions must be given for 
each direction of the coordinate system along which heat transfer is significant. Therefore, we need to 
specify four boundary conditions for two-dimensional problems. 


2-36C The mathematical expression for the temperature distribution of the medium initially is called the 
initial condition. We need only one initial condition for a heat conduction problem regardless of the 
dimension since the conduction equation is first order in time (it involves the first derivative of temperature 
with respect to time). Therefore, we need only 1 initial condition for a two-dimensional problem. 


2-37C A heat transfer problem that is symmetric about a plane, line, or point is said to have thermal 
symmetry about that plane, line, or point. The thermal symmetry boundary condition is a mathematical 
expression of this thermal symmetry. It is equivalent to insulation or zero heat flux boundary condition, and 
is expressed at a point x 0 as dT (x 0 ,t)l dx = 0 . 
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2-38C The boundary condition at a perfectly insulated surface (at x = 0, for example) can be expressed as 

dT (0, 0 


- k °im = o 

dx 


or 


dx 


= 0 which indicates zero heat flux. 


2-39C Yes, the temperature profile in a medium must be perpendicular to an insulated surface since the 
slope dT / dx = 0 at that surface. 


2-40C We try to avoid the radiation boundary condition in heat transfer analysis because it is a non-linear 
expression that causes mathematical difficulties while solving the problem; often making it impossible to 
obtain analytical solutions. 


2-41 A spherical container of inner radius r x , outer radius r 2 , and thermal 

conductivity k is given. The boundary condition on the inner surface of the 
container for steady one-dimensional conduction is to be expressed for the 
following cases: 

(a) Specified temperature of 50°C: T(r x ) = 50°C 

(. b ) Specified heat flux of 30 W/m 2 towards the center: k ) _ 30 w/m 2 

dr 



(c) Convection to a medium at T ^ 


with a heat transfer 


coefficient of h: k 


dT(r x ) 

dr 


h[T(r x )-T J 


2-42 Heat is generated in a long wire of radius r a covered with a plastic insulation layer at a constant rate 
of e gen . The heat flux boundary condition at the interface (radius r 0 ) in terms of the heat generated is to be 

expressed. The total heat generated in the wire and the heat flux at the interface are 



— c (/ ■ — c 

gen wire gen 


O 0 2 £) 


Q s ^ gen ^gen O 

A ~ A (2m- a )L 


p r 
gen o 

2 



Assuming steady one-dimensional conduction in the radial direction, the heat flux boundary condition can 
be expressed as 

dT{r o ) ^gen r o 

-k = 

dr 2 
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2-43 A long pipe of inner radius r\, outer radius r 2 , and thermal conductivity 
k is considered. The outer surface of the pipe is subjected to convection to a 
medium at T ^ with a heat transfer coefficient of h. Assuming steady one- 
dimensional conduction in the radial direction, the convection boundary 
condition on the outer surface of the pipe can be expressed as 

- k — - — = h[T (r 2 ) - TJ 
dr 



2-44 A spherical shell of inner radius r\, outer radius r 2 , and thermal 
conductivity k is considered. The outer surface of the shell is 
subjected to radiation to surrounding surfaces at r surr . Assuming no 

convection and steady one-dimensional conduction in the radial 
direction, the radiation boundary condition on the outer surface of the 
shell can be expressed as 


k dT(r 2 ) 
dr 


SCJ 


T(r 2 ) 4 -T ; 


surr 



2-45 A spherical container consists of two spherical layers A and B that 
are at perfect contact. The radius of the interface is r G . Assuming transient 
one-dimensional conduction in the radial direction, the boundary 
conditions at the interface can be expressed as 

T A (r 0 ,t) = T B (ro,t) 


and 



dT A (r 0 ,t) 

dr 



dT B (r 0 ,t ) 
dr 
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2-46 Heat conduction through the bottom section of a steel pan that is used to boil water on top of an 
electric range is considered. Assuming constant thermal conductivity and one-dimensional heat transfer, 
the mathematical formulation (the differential equation and the boundary conditions) of this heat 
conduction problem is to be obtained for steady operation. 

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to 
be constant. 3 There is no heat generation in the medium. 4 The top surface at x = L is subjected to 
convection and the bottom surface at x = 0 is subjected to uniform heat flux. 

Analysis The heat flux at the bottom of the pan is 


Vs 



f 

gen 

rtD 1 i 4 


0.85 x (1250 W) , 

= 33.820 W/m 2 

^•(0.20 m) 2 / 4 


Then the differential equation and the boundary conditions for this heat conduction problem can be 
expressed as 


d 2 T 
dx 2 


= 0 


, dT(0) . oooonw/ 2 

- k -q = 33,280 W/m 

dx 


k dT(L) 
dx 


h[T{L)-T^\ 


2-47E A 2-kW resistance heater wire is used for space heating. Assuming constant thermal conductivity 
and one-dimensional heat transfer, the mathematical formulation (the differential equation and the 
boundary conditions) of this heat conduction problem is to be obtained for steady operation. 

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to 
be constant. 3 Heat is generated uniformly in the wire. 

Analysis The heat flux at the surface of the wire is 


Vs 


4 

A 



2 7ir 0 L 


1200 W 

2^(0. 06 in)(15 in) 


212.2 W/in 2 


Noting that there is thermal symmetry about the center line and there is uniform heat flux at the outer 
surface, the differential equation and the boundary conditions for this heat conduction problem can be 
expressed as 


\_d_ 

r dr 


f 

r 

V 


dT + ^gen 
dr J k 


= 0 


dT{ 0) _ Q 

dr 

, dT(r 0 ) . 2 

— k q , - 2 1 2.2 W/in 

dr 


2 kW 


1 D = 0.12 in 


L = 15 in 
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2-48 Heat conduction through the bottom section of an aluminum pan that is used to cook stew on top of an 
electric range is considered (Fig. P2-48). Assuming variable thermal conductivity and one-dimensional 
heat transfer, the mathematical formulation (the differential equation and the boundary conditions) of this 
heat conduction problem is to be obtained for steady operation. 

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to 
be variable. 3 There is no heat generation in the medium. 4 The top surface at x = L is subjected to 
specified temperature and the bottom surface at x = 0 is subjected to uniform heat flux. 

Analysis The heat flux at the bottom of the pan is 


4 S 



f 

gen 

rtD 1 / 4 


0.90 x (900 W) 
^•(0.18 m) 2 / 4 


31.831 W/m 2 


Then the differential equation and the boundary conditions for this heat conduction problem can be 
expressed as 


—ik— 

dxy dx j 


= 0 


k dT{ 0) 
dx 


= q s =3 1,831 W/m 2 


T(L) = T l = 108°C 


2-49 Water flows through a pipe whose outer surface is wrapped with a thin electric heater that consumes 
300 W per m length of the pipe. The exposed surface of the heater is heavily insulated so that the entire 
heat generated in the heater is transferred to the pipe. Heat is transferred from the inner surface of the pipe 
to the water by convection. Assuming constant thermal conductivity and one-dimensional heat transfer, the 
mathematical formulation (the differential equation and the boundary conditions) of the heat conduction in 
the pipe is to be obtained for steady operation. 

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to 
be constant. 3 There is no heat generation in the medium. 4 The outer surface at r = r 2 is subjected to 
uniform heat flux and the inner surface at r = r\ is subjected to convection. 


Analysis The heat flux at the outer surface of the pipe is 


4s 



Q s 

27rr 2 L 


300 W 

2^(0.065 cm)(l m) 


= 734.6 W/m 2 


Noting that there is thermal symmetry about the center line and 
there is uniform heat flux at the outer surface, the differential 
equation and the boundary conditions for this heat conduction 
problem can be expressed as 


d ( dT 
r 


dr 


v 


dr 


= 0 


k = h[T ( r . )-T x ] = 85 [T(r t ) - 70] 

dr 

k dT(r2 ] =q s = 734.6 W/m 2 
dr 
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2-50 A spherical metal ball that is heated in an oven to a temperature of T x throughout is dropped into a 
large body of water at T ^ where it is cooled by convection. Assuming constant thermal conductivity and 
transient one-dimensional heat transfer, the mathematical formulation (the differential equation and the 
boundary and initial conditions) of this heat conduction problem is to be obtained. 

Assumptions 1 Heat transfer is given to be transient and one-dimensional. 2 Thermal conductivity is given 
to be constant. 3 There is no heat generation in the medium. 4 The outer surface at r = r 0 is subjected to 
convection. 

Analysis Noting that there is thermal symmetry about the midpoint and convection at the outer surface, 
the differential equation and the boundary conditions for this heat conduction problem can be expressed as 



T(r, 0) = T t 


2-51 A spherical metal ball that is heated in an oven to a temperature of 7/ throughout is allowed to cool 
in ambient air at T » by convection and radiation. Assuming constant thermal conductivity and transient 
one-dimensional heat transfer, the mathematical formulation (the differential equation and the boundary 
and initial conditions) of this heat conduction problem is to be obtained. 

Assumptions 1 Heat transfer is given to be transient and one-dimensional. 2 Thermal conductivity is given 
to be variable. 3 There is no heat generation in the medium. 4 The outer surface at r = r 0 is subjected to 
convection and radiation. 


Analysis Noting that there is thermal symmetry about the midpoint and convection and radiation at the 
outer surface and expressing all temperatures in Rankine, the differential equation and the boundary 
conditions for this heat conduction problem can be expressed as 
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2-52 The outer surface of the East wall of a house exchanges heat with both convection and radiation., 
while the interior surface is subjected to convection only. Assuming the heat transfer through the wall to 
be steady and one-dimensional, the mathematical formulation (the differential equation and the boundary 
and initial conditions) of this heat conduction problem is to be obtained. 


Assumptions 1 Heat transfer is given to be steady and one- 
dimensional. 2 Thermal conductivity is given to be constant. 3 
There is no heat generation in the medium. 4 The outer surface at x 
= L is subjected to convection and radiation while the inner 
surface at x = 0 is subjected to convection only. 

Analysis Expressing all the temperatures in Kelvin, the differential 
equation and the boundary conditions for this heat conduction 
problem can be expressed as 


d 2 T 
dx 2 


= 0 


, dT( 0) 

- k — - — = K [T xl - T (0)] 
dx 


Too) 

hi 


Tcc2 

h 2 



► 

X 


- k = h, [T(L) - t x2 1 + £2 ct[t(L) 4 - r s 4 ky 


Solution of Steady One-Dimensional Heat Conduction Problems 

2-53C Yes, this claim is reasonable since in the absence of any heat generation the rate of heat transfer 
through a plain wall in steady operation must be constant. But the value of this constant must be zero since 
one side of the wall is perfectly insulated. Therefore, there can be no temperature difference between 
different parts of the wall; that is, the temperature in a plane wall must be uniform in steady operation. 


2-54C Yes, the temperature in a plane wall with constant thermal conductivity and no heat generation will 
vary linearly during steady one-dimensional heat conduction even when the wall loses heat by radiation 

from its surfaces. This is because the steady heat conduction equation in a plane wall is d T I dx =0 
whose solution is T(x) = C x x + C 2 regardless of the boundary conditions. The solution function represents 
a straight line whose slope is Q. 


2-55C Yes, in the case of constant thermal conductivity and no heat generation, the temperature in a solid 
cylindrical rod whose ends are maintained at constant but different temperatures while the side surface is 
perfectly insulated will vary linearly during steady one-dimensional heat conduction. This is because the 

2 2 

steady heat conduction equation in this case is d T I dx =0 whose solution is T(x) = Cjx + C 2 which 
represents a straight line whose slope is Cj. 


2-56C Yes, this claim is reasonable since no heat is entering the cylinder and thus there can be no heat 
transfer from the cylinder in steady operation. This condition will be satisfied only when there are no 
temperature differences within the cylinder and the outer surface temperature of the cylinder is the equal to 
the temperature of the surrounding medium. 
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2-57 A large plane wall is subjected to specified temperature on the left surface and convection on the right 
surface. The mathematical formulation, the variation of temperature, and the rate of heat transfer are to be 
determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 
There is no heat generation. 

Properties The thermal conductivity is given to be k = 2.3 W/m-°C. 

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the left 
surface, the mathematical formulation of this problem can be expressed as 

d 2 T 


dx 


= 0 


and 



7j=90°C 
,4=30 m 2 


T(0) = 7j = 90°C 
dT(L) 

- k — • = h[T (L) - ] 

dx 

(b) Integrating the differential equation twice with respect to x yields 
dx 1 

T(x) = C l x + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 
x = 0: r(0) = Cjx0 + C 2 -> C 2 =7j 



x — L\ 


t.r' ,.r t , n s ^ h(C 2 -T x ) ^ ^ h(T x ~ T x ) 

- kC x - //[(CjL + C 2 ) - T^\ —> C 1 — > C { ~- 


k + hL k + hL 

Substituting Cj and C 2 into the general solution, the variation of temperature is determined to be 

h(T x -TJ 

T(x) = — ——x + T l 

k + hL 

(24 W/m 2 • °C)(90 - 25)°C 
(2.3 W/m • °C) + (24 W/m 2 • °C)(0.4 m) 

= 90-131. lx 

(c) The rate of heat conduction through the wall is 

Cali =-kA^- = -kAC l =kA 

dx k-\- nL 


x + 90°C 


= (2.3 W/m • °C)(30 m 2 ) 


(24 W/m 2 • °C)(90 - 25)°C 
(2.3 W/m • °C) + (24 W/m 2 • °C)(0.4 m) 


= 9045 W 

Note that under steady conditions the rate of heat conduction through a plain wall is constant. 
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2-58 The top and bottom surfaces of a solid cylindrical rod are maintained at constant temperatures of 20°C 
and 95 °C while the side surface is perfectly insulated. The rate of heat transfer through the rod is to be 
determined for the cases of copper, steel, and granite rod. 

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 
There is no heat generation. 

Properties The thermal conductivities are given to be k= 380 W/m-°C for copper, k = 18 W/m-°C for 
steel, and k= 1.2 W/m-°C for granite. 

Analysis Noting that the heat transfer area (the area normal to 

the direction of heat transfer) is constant, the rate of heat Insulated 

transfer along the rod is determined from \ /\ 


T x = 25 °C 


T\ ~T ? 

Q = kA — - 

L 

where L = 0. 15 m and the heat transfer area A is 
A = nD 1 /4 = ;r(0.05 m) 2 /4 = 1.964xl(T 3 m 2 


Then the heat transfer rate for each case is determined as follows: 


D - 0.05 m 


L=0.15 m 


(a) Copper: 


Q = kA Tl Tl = (380 W/m • °C)(1 .964 x 1(T 3 m 2 ) (95 20) C = 373.1 W 
L 0.15m 


T 2 = 95°C 


( b ) Steel: 


Q = kA lLJ± 

L 


= (18 W/m • °C)( 1 .964 x 1 0 ’ 3 m 2 ) (95 20) C = 17.7 W 

0.15 m 


(c) Granite: Q = kA = (1.2 W/m - °C)(1.964xlO’ 3 m 2 ) (95 20) C = 1.2 W 

L 0.15m 

Discussion : The steady rate of heat conduction can differ by orders of magnitude, depending on the 
thermal conductivity of the material. 
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2-59 EES Prob. 2-58 is reconsidered. The rate of heat transfer as a function of the thermal conductivity of 
the rod is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.1 5 [m] 

D=0.05 [m] 

T_1 =20 [C] 

T_2=95 [C] 
k=1 .2 [W/m-C] 

"ANALYSIS" 

A=pi*D A 2/4 

Q_dot=k*A*(T_2-T_1 )/L 


k [W/m.C] 

orwi 

1 

0.9817 

22 

21.6 

43 

42.22 

64 

62.83 

85 

83.45 

106 

104.1 

127 

124.7 

148 

145.3 

169 

165.9 

190 

186.5 

211 

207.1 

232 

227.8 

253 

248.4 

274 

269 

295 

289.6 

316 

310.2 

337 

330.8 

358 

351.5 

379 

372.1 

400 

392.7 
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2-60 The base plate of a household iron is subjected to specified heat flux on the left surface and to 
specified temperature on the right surface. The mathematical formulation, the variation of temperature in 
the plate, and the inner surface temperature are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the surface area of the base plate is 
large relative to its thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal 
conductivity is constant. 3 There is no heat generation in the plate. 4 Heat loss through the upper part of 
the iron is negligible. 

Properties The thermal conductivity is given to be k = 20 W/m-°C. 

Analysis ( a ) Noting that the upper part of the iron is well insulated and thus the entire heat generated in the 
resistance wires is transferred to the base plate, the heat flux through the inner surface is determined to be 


= 


0 , 


800 W 


Aase 160x10 


“ 4 m 2 


= 50,000 W/m 


Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the left surface, the 
mathematical formulation of this problem can be expressed as 


d 2 T 
dx 2 


= 0 


and 


- k = q 0 = 50,000 W/m 2 


dx 

T(L) = T 2 = 85°C 

( b ) Integrating the differential equation twice with respect to x yields 

dT__ 
dx 1 

T(x) = C l x + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 

<7o 


x = 0: 


kC | — cj q — ^ C | — 


x = L: 


T(L) = C X L + C 2 =T 2 -> C 2 =T 2 -C x L -> C 2 =T 2 + 


q 0 L 

k 


Substituting Cj and C 2 into the general solution, the variation of temperature is determined to be 


T(x) = 


<7o 


k 


X + Tj + 


q 0 L q 0 (L-x ) 


k 


k 


-f Tn 


(50,000 W/m 2 )(0.006 - x)m 


85°C 


20 W/m -°C 
= 2500(0.006 -x) + 85 

(c) The temperature at x = 0 (the inner surface of the plate) is 
T(0) = 2500(0.006 - 0) + 85 = 100°C 

Note that the inner surface temperature is higher than the exposed surface temperature, as expected. 
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2-61 The base plate of a household iron is subjected to specified heat flux on the left surface and to 
specified temperature on the right surface. The mathematical formulation, the variation of temperature in 
the plate, and the inner surface temperature are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the surface area of the base plate is 
large relative to its thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal 
conductivity is constant. 3 There is no heat generation in the plate. 4 Heat loss through the upper part of 
the iron is negligible. 


Properties The thermal conductivity is given to be k= 20 W/m-°C. 


Analysis {a) Noting that the upper part of the iron is well 
insulated and thus the entire heat generated in the resistance 
wires is transferred to the base plate, the heat flux through 
the inner surface is determined to be 



Qo 


1200 W 
160 xlO -4 m 2 


75,000 W/m 2 


0=1200 W 
,4=160 cm 2 


Taking the direction normal to the surface of the wall to be the 
x direction with x = 0 at the left surface, the mathematical 
formulation of this problem can be expressed as 


d 2 T 

dx 2 


= 0 



and - k = q Q = 75,000 W/m 2 
dx 


T(L) = T 2 = 85°C 

( b ) Integrating the differential equation twice with respect to x yields 
dT__ r 

dx 1 

r(x) = Cjx + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 

<7o 


x = 0: 


x = L: 


kC | — cj q — ^ C j — 


k 


T(L) = C l L + C 2 =T 2 -> C 2 =T 2 -C l L C 2 =T 2 + 


<io L 

k 


Substituting Q and C 2 into the general solution, the variation of temperature is determined to be 


T(x) = 


<7o 


k 


x + 7k + 


q 0 L q 0 (L-x) 


k 


k 




(75,000 W/m 2 )(Q.006-x)m 
20 W/m -°C 


85°C 


= 3750(0.006 -x)+ 85 

(c) The temperature at x = 0 (the inner surface of the plate) is 
T{ 0) = 3750(0.006 - 0) + 85 = 107.5°C 

Note that the inner surface temperature is higher than the exposed surface temperature, as expected. 
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2-62 EES Prob. 2-60 is reconsidered. The temperature as a function of the distance is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

Q_dot=800 [W] 

L=0.006 [m] 

A_base=160E-4 [m A 2] 
k=20 [W/m-C] 

T_2=85 [C] 

"ANALYSIS" 

q_dot_0=Q_dot/A_base 

T=q_dot_0*(L-x)/k+T_2 "Variation of temperature" 
"x is the parameter to be varied" 


X [m| 

T [C] 

0 

100 

0.0006667 

98.33 

0.001333 

96.67 

0.002 

95 

0.002667 

93.33 

0.003333 

91.67 

0.004 

90 

0.004667 

88.33 

0.005333 

86.67 

0.006 

85 
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2-63 Chilled water flows in a pipe that is well insulated from outside. The mathematical formulation and 
the variation of temperature in the pipe are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its 
thickness, and there is thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There 
is no heat generation in the pipe. 

Analysis {a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 



Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating, 

JT _ C L 
dr r 

T(r) = C x In r + C 2 

where C\ and C 2 are arbitrary constants. Applying the boundary conditions give 

r = r 2 : — = 0 -> Cj = 0 

r 2 

-k — = h[T f -(Q Inr, +C 2 )] 
r = n: r x 

0 = h(T f -C 2 )h>C 2 = T f 

Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 
T(r) = T f 

This result is not surprising since steady operating conditions exist. 
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2-64E A steam pipe is subjected to convection on the inner surface and to specified temperature on the 
outer surface. The mathematical formulation, the variation of temperature in the pipe, and the rate of heat 
loss are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its 
thickness, and there is thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There 
is no heat generation in the pipe. 

Properties The thermal conductivity is given to be k = 7.2 Btu/h-ft-°F. 

Analysis {a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 



Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating, 
dT _ Cj_ 

dr r 

T{r) = Cj In r + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 

r = -k^ = h[T„-(C l \nr l +C 2 )\ 

r \ 


r = r 2 : T(r 2 ) = Cj lnr 2 +C 2 = T 2 

Solving for Cj and C 2 simultaneously gives 


Ci = 




In 


r- 


+ 


k 


and Co =To - C> In r 0 = 7j 




In 


r~ 


+ 


r. 


hr x r { hr x 

Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 

T (r) = C X In r + T 2 -C x In r 2 = C x (In r - In r 2 ) + T 2 = 


T '~ T - In — + 7\ 


i r 2 k 

In — + 


l 


hr x 


(160-250)°F 


In 


2.4 


7.2Btu/h -ft-°F 


In 


2.4 in 


160°F = -24.74 In 


r 


2.4 in 


160°F 


2 (12.5 Btu/h -ft 2 - 0 F)(2/12ft) 

(c) The rate of heat conduction through the pipe is 

Q = -kA — = -k(2m-L) — = -2 7±k Tco 


dr 


= -2^(30 ft) (7. 2 Btu/h • ft • °F) 


In 


+ 


k 


hr x 

(160-250)°F 


, 2.4 
In + 


7.2 Btu/h- ft -°F 


= 33,600 Btu/h 


2 (12.5 Btu/h -ft 2 - 0 F)(2/ 12 ft) 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



2-28 


2-65 A spherical container is subjected to specified temperature on the inner surface and convection on the 
outer surface. The mathematical formulation, the variation of temperature, and the rate of heat transfer are 
to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there 
is thermal symmetry about the midpoint. 2 Thermal conductivity is constant. 3 There is no heat generation. 

Properties The thermal conductivity is given to be k= 30 W/m*°C. 

Analysis ( a ) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 


d_ 

dr 


dT_ 

dr 




= 0 


and 


T(r x ) = 7j =0°C 
-k 




dr 

( b ) Integrating the differential equation once with respect to r gives 
2 dT 





I a 
h 


r 


dr 


= Q 


Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating, 
dT C x 


dr 


r 


Ci 


T(r) = L + C 


r 


where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 


r = r x : 


r = r 2 : 


T(r x ) = 


G 


+ c, =r, 


~k^ = h 


r \ 

r 


C, 


+ c,-r. 


V r 2 


oo 


Solving for Cj and C 2 simultaneously gives 


Ci = 


r 2 (T x -T ao ) 
r 9 k 


and C 2 = T x + 


C, 


1 




= T i + 


^1 ^ r 2 


k r x 


r x hr : 


r x hr 2 


Substituting C x and C 2 into the general solution, the variation of temperature is determined to be 


T(r) = 


C 


r 


1 +T X +^-=C 


r 


i'' 


V 7 1 r y 


+ Ti = 


Ti~T m 


1_Z2__ k 


1 


hr- 


V r i 


r 


+ T X 


(0 - 25)°C 


1- 


2.1 


30 W/m • °C 


2.1 2.1 


2 


+ 0°C = 29.63(1.05- 2. 1/r) 


2 (18 W/m 2 • °C)(2.1 m) 

(c) The rate of heat conduction through the wall is 


dT 


C, 


Q = -kA — = -k(Am^) —j- = -4 nkC x = -Auk 


r 2 (T x -TJ 


dr 


= -4^(30 W/m • °C) 


1_^2__ ±_ 
r x hr 2 


(2.1 m)(0-25)°C 


1 


2.1 


30 W/m • °C 


- 23,460 W 


2 (1 8 W/m 2 • °C)(2. 1 m) 
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2-66 A large plane wall is subjected to specified heat flux and temperature on the left surface and no 
conditions on the right surface. The mathematical formulation, the variation of temperature in the plate, 
and the right surface temperature are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the wall is large relative to its 
thickness, and the thermal conditions on both sides of the wall are uniform. 2 Thermal conductivity is 
constant. 3 There is no heat generation in the wall. 

Properties The thermal conductivity is given to be k =2.5 W/m-°C. 

Analysis {a) Taking the direction normal to the surface of the wall 
to be the x direction with x = 0 at the left surface, the 
mathematical formulation of this problem can be expressed as 

d 2 r 

TT = 0 4=700 W/m 2 

X 7>80°C 

dT( O') 
and 



, dT( 0) . nnann 2 
- k = 4 () = 700 W/m 


dx 

T(0) = Tj = 80°C 

(b) Integrating the differential equation twice with respect to x yields 
dT 

~ L l 


dx 

T(x) = C { x + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 



Heat flux at x = 0: 


kC\ — 4o — ^ Q — 


% 


k 


Temperature at x = 0: T(0) = Q x 0 + C 2 = 7j — » C 2 = 7j 

Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 


T(x) = 


Vo 


x + 7j = 


700 W/m 


x + 80°C = -280x + 80 


k 1 2.5 W/m -°C 

(c) The temperature at x = L (the right surface of the wall) is 
T{L) = -280 x (0.3 m) + 80 = -4°C 
Note that the right surface temperature is lower as expected. 
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2-67 A large plane wall is subjected to specified heat flux and temperature on the left surface and no 
conditions on the right surface. The mathematical formulation, the variation of temperature in the plate, 
and the right surface temperature are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the wall is large relative to its 
thickness, and the thermal conditions on both sides of the wall are uniform. 2 Thermal conductivity is 
constant. 3 There is no heat generation in the wall. 


Properties The thermal conductivity is given to be k =2.5 W/m-°C. 

Analysis {a) Taking the direction normal to the surface of the wall 
to be the x direction with x = 0 at the left surface, the 
mathematical formulation of this problem can be expressed as 

d 2 T 


dx' 


= 0 



q= 1050 W/m 
7>90°C 


and 


, dm) . 1ACAV[ „ 2 

- k = q () = 1050 W/m 


dx 

T{ 0) = 7j = 90°C 

( b ) Integrating the differential equation twice with respect to x yields 
dT 


dx 


= c x 



T(x) = C { x + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 

Heat flux at x = 0: - kC x = q 0 — » Cj = - — 

k 


Temperature at x = 0: T(0) = Cj x 0 + C 2 = 7j — » C 2 = T X 

Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 


T(x) = 


Vo 


x + 7j = 


1050 W/m 


x + 90°C = -420x + 90 


k 1 2.5 W/m -°C 

(c) The temperature at x = L (the right surface of the wall) is 
T{L) = -420 x (0.3 m) + 90 = -36°C 
Note that the right surface temperature is lower as expected. 
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2-68E A large plate is subjected to convection, radiation, and specified temperature on the top surface and 
no conditions on the bottom surface. The mathematical formulation, the variation of temperature in the 
plate, and the bottom surface temperature are to be determined for steady one-dimensional heat transfer. 


Assumptions 1 Heat conduction is steady and one-dimensional since the plate is large relative to its 
thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal conductivity is 
constant. 3 There is no heat generation in the plate. 


Properties The thermal conductivity and emissivity are 
given to be k =7.2 Btu/h-ft-°F and 8 = 0.7. 

Analysis {a) Taking the direction normal to the surface 
of the plate to be the x direction with x = 0 at the bottom 
surface, and the mathematical formulation of this 
problem can be expressed as 


T sky 



and 


h dT(L) 
dx 


= h[T(L ) -TJ + ea[T(L ) 4 - T s 4 ky ] = h[T 2 -T„] + ea[(T 2 + 460) 4 - 7 s £ y ] 


T(L) = T 2 = 75°F 

(. b ) Integrating the differential equation twice with respect to x yields 
dT 

= G 


dx 

r(x) = c 1 x+c 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 


Convection at x = L: 


- kC ! = h[T 2 -T x ] + £CJ[(T 2 + 460) 4 - r 4 y ] 

-> c t = ~{h[T 2 -T r J + ea[(T 2 + 460) 4 - r s 4 y ] } / k 


Temperature at x = L: T(L) = C x xL + C 2 - T 2 — » C 2 =T 2 -C l L 

Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 

r 4 
sky 


T (x) = CjX + (T 2 - C X L) = T 2 -(L - x)Cj =T 2 + 


h[T 2 -TJ + ea[(T 2 + 460) 4 - 7±] 


k 


(L-x) 


(12 Btu/h- ft 2 •°F)(75-90)°F + 0.7(0.1714 xl0' 8 Btu/h- ft 2 ■ R 4 )[(535 R) 4 - (480 R) 4 ] „ 

- 75 Fh (4/12 -x) It 

7.2 Btu/h- ft -°F 

= 15- 20.2(1/3 -x) 

(c) The temperature at x = 0 (the bottom surface of the plate) is 
T(0) = 15- 20.2 x (1 / 3 - 0) = 68.3°F 
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2-69E A large plate is subjected to convection and specified temperature on the top surface and no 
conditions on the bottom surface. The mathematical formulation, the variation of temperature in the plate, 
and the bottom surface temperature are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the plate is large relative to its 
thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal conductivity is 
constant. 3 There is no heat generation in the plate. 

Properties The thermal conductivity is given to be k =7.2 Btu/h- ft- °F. 

Analysis {a) Taking the direction normal to the surface of the plate to be the x direction with x = 0 at the 
bottom surface, the mathematical formulation of this problem can be expressed as 


and 


d 2 T 
dx 2 


= 0 


_ k dT±L)_ = h[T(L) _ TJ = h(T ^_ Tj 
dx 


T(L) = T 2 = 75°F 



(, b ) Integrating the differential equation twice with respect to x yields 


dx 



r(x) = cjx+c 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 
Convection at x = L\ -kC x = h(T 2 -T CG ) -> C x =-h(T 2 -T^) / k 

Temperature at x = L: T ( L ) = C x x L + C 2 = T 2 — » C 2 = T 2 -C X L 

Substituting C x and C 2 into the general solution, the variation of temperature is determined to be 

T(x) = C l x + (J 2 - C X L) = T 2 - (L - x)C x -T 2 + /i(7 2 ~ r c 0 ) (L _ x) 

k 

= 75°F + (12 BtU/h • ft 2 • ° F)(75 ~ 9Q) ° F ( 4 / 12 - x) ft 
7.2 Btu/h • ft • °F 

= 75- 25(1/3 -x) 

(c) The temperature at x = 0 (the bottom surface of the plate) is 
7X0) = 75 - 25 x (1 / 3 - 0) = 66.7°F 
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2-70 A compressed air pipe is subjected to uniform heat flux on the outer surface and convection on the 
inner surface. The mathematical formulation, the variation of temperature in the pipe, and the surface 
temperatures are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its 
thickness, and there is thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There 
is no heat generation in the pipe. 

Properties The thermal conductivity is given to be k = 14 W/m-°C. 

Analysis ( a ) Noting that the 85% of the 300 W generated by the strip heater is transferred to the pipe, the 
heat flux through the outer surface is determined to be 


Qs = 


Q s Q } 


0.85 x 300 W 


= 169.1 W/m 


A 2 2jur 2 L 2;r(0.04m)(6m) 

Noting that heat transfer is one-dimensional in the radial r direction and heat flux is in the negative r 
direction, the mathematical formulation of this problem can be expressed as 


d f dT 
r 


dr 




V 


dr 


= 0 


J 


and 


dT (r, ) 

-k—*- = h[T a> -T{r l ) ] 
dr 

, dT(r 2 ) . 

k ~ — = q s 

dr 

(b) Integrating the differential equation once with respect to r gives 
dT 



L = 6 m 


dr 


= Q 


Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating, 
dl_ _ Cj_ 
dr r 

T(r) = C { In r + C 2 

where C\ and C 2 are arbitrary constants. Applying the boundary conditions give 

, C, . ^ q,r 2 

k — = q s -+ Cj = — — 
r 2 k 


r = r 2 : 


r = r j: 


-k C ± = h[T O0 -(C l In r x + C 2 )] -+ C 2 = 7^ - 
h 


In r, 


hr 


Ci =T^~ 


i J 


In r, 


hr 


<ls r 2 


1 J 


Substituting Cj and C 2 into the general solution, the variation of temperature is determined to be 


T(r) = C l lnr + 7^ - 


A 


In r. 


hr 


Ci - T^ + 


= -10°C + 


ln 


i J 

14 W/m-°C 


In r - In r 


hr 


Ci - T^ + 


i J 


In 


V r i 


hr 


4s r 2 


i J 


' (169.1 W/m 2 )(0.04m) 


r x (30 W/m 2 -°C)(0.037m) 


14 W/m-°C 


= -10 + 0.483 


r 

In — + 12.61 

V r i 


■\ 


(c) The inner and outer surface temperatures are determined by direct substitution to be 


Inner surface (r = ri): T(r { ) = -10 + 0.483 


In — + 12.61 


v n 


= -10 + 0.483(0 + 12.61) = -3.91°C 


J 


Outer surface (r = r 2 ): T(r x ) = -10 + 0.483 


r \ 

In — + 12.61 
r 


i 


= -10 + 0.483 


In 


0.04 


0.037 


+ 12.61 


= -3.87°C 


Note that the pipe is essentially isothermal at a temperature of about -3.9°C. 
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2-71 EES Prob. 2-70 is reconsidered. The temperature as a function of the radius is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=6 [m] 
r_1 =0.037 [m] 
r_2=0.04 [m] 
k=14 [W/m-C] 

Q_dot=300 [W] 

T_infinity=-10 [C] 
h=30 [W/m A 2-C] 
f_loss=0.15 

"ANALYSIS" 

q_dot_s=((1 -f_loss)*Q_dot)/A 
A=2*pi*r_2*L 

T=TJnfinity+(ln(r/r_1)+k/(h*r_1))*(q_dot_s*r_2)/k "Variation of temperature" 
"r is the parameter to be varied" 


r [m] 

T [C] 

0.037 

3.906 

0.03733 

3.902 

0.03767 

3.898 

0.038 

3.893 

0.03833 

3.889 

0.03867 

3.885 

0.039 

3.881 

0.03933 

3.877 

0.03967 

3.873 

0.04 

3.869 
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2-72 A spherical container is subjected to uniform heat flux on the outer surface and specified temperature 
on the inner surface. The mathematical formulation, the variation of temperature in the pipe, and the outer 
surface temperature, and the maximum rate of hot water supply are to be determined for steady one- 
dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and 
there is thermal symmetry about the mid point. 2 Thermal conductivity is constant. 3 There is no heat 
generation in the container. 

Properties The thermal conductivity is given to be k = 1.5 W/m-°C. The specific heat of water at the 
average temperature of (100+20)/2 = 60°C is 4.185 kJ/kg-°C (Table A-9). 

Analysis ( a ) Noting that the 90% of the 500 W generated by the strip heater is transferred to the container, 
the heat flux through the outer surface is determined to be 


Vs = 


Qs Q 


0.90x500 W _ 213 .q w/m 2 


A 2 4 mi 4;r(0.41m) 


Noting that heat transfer is one-dimensional in the radial r direction and heat flux is in the negative r 
direction, the mathematical formulation of this problem can be expressed as 


dr 



T{r) = — — ^- + C 2 
r 

where C\ and C 2 are arbitrary constants. Applying the boundary conditions give 

C\ . ^ qj 2 

r - r 2 : - 1 ~ ' ^ 2 


k ~Y -Vs ^ C i “ , 

r 2 k 


r = r j: 


T(r l ) = T l = 


C, 


+ C 2 — » C 2 -T\ 


C\ _ rr , q s r 2 
- 1 \ + 


l 


kr 


Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 


T(r) = 


C, 


+ C 2 — + ?j + — = ^i + 


= 100°C + 


r 

1 _ 1 
0.40 m r 


r x P 


V^i 


c, = r, + 


A_i 

v r l r 


\ • 2 
Vs r 2 


(213 W/m 2 )(0.41 m) 


r 


1.5 W/m ■ °C 


= 100 + 23.87 


2.5- — 
r 


(c) The outer surface temperature is determined by direct substitution to be 


Outer surface (r = r 2 ): T(r 2 ) = 100 + 23.87 


2.5- 


1 


2 J 


= 100 + 23.87 


2.5 


0.41 


= 101.5°C 


Noting that the maximum rate of heat supply to the water is 0.9 x 500 W = 450 W, water can be heated 
from 20 to 100°C at a rate of 

Q 0.450 kJ/s 


Q = me AT — » m = 


c p AT (4.1 85 kJ/kg • °C)( 1 00 - 20)°C 


= 0.00134 kg/s = 4.84 kg/h 
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2-73 EES Prob. 2-72 is reconsidered. The temperature as a function of the radius is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
r_1=0.40 [m] 
r_2=0.41 [m] 
k=1 .5 [W/m-C] 

T 1 =1 00 [C] 

Q_dot=500 [W] 
f_loss=0.10 

"ANALYSIS" 

q_dot_s=((1 -f_loss)*Q_dot)/A 
A=4*pi*r_2 A 2 

T=T_1 +(1/r_1 -1/r)*(q_dot_s*r_2 A 2)/k "Variation of temperature" 


r [m] 

T [C] 

0.4 

100 

0.4011 

100.2 

0.4022 

100.3 

0.4033 

100.5 

0.4044 

100.7 

0.4056 

100.8 

0.4067 

101 

0.4078 

101.1 

0.4089 

101.3 

0.41 

101.5 
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Heat Generation in Solids 

2-74C No. Heat generation in a solid is simply the conversion of some form of energy into sensible heat 
energy. For example resistance heating in wires is conversion of electrical energy to heat. 


2-75C Heat generation in a solid is simply conversion of some form of energy into sensible heat energy. 
Some examples of heat generations are resistance heating in wires, exothermic chemical reactions in a 
solid, and nuclear reactions in nuclear fuel rods. 


2-76C The rate of heat generation inside an iron becomes equal to the rate of heat loss from the iron when 
steady operating conditions are reached and the temperature of the iron stabilizes. 


2-77C No, it is not possible since the highest temperature in the plate will occur at its center, and heat 
cannot flow “uphill.” 


2-78C The cylinder will have a higher center temperature since the cylinder has less surface area to lose 
heat from per unit volume than the sphere. 


2-79 A 2-kW resistance heater wire with a specified surface temperature is used to boil water. The center 
temperature of the wire is to be determined. 


Assumptions 1 Heat transfer is steady since there is no change with 
time. 2 Heat transfer is one-dimensional since there is thermal 
symmetry about the center line and no change in the axial direction. 3 
Thermal conductivity is constant. 4 Heat generation in the heater is 
uniform. 

Properties The thermal conductivity is given to be k = 20 W/m-°C. 

Analysis The resistance heater converts electric energy into heat at a 
rate of 2 kW. The rate of heat generation per unit volume of the wire 
is 


e — 

gen 


gen 


gen 


2000 W 


l/. 


wire 


/zr 2 L zr (0.002 m) 2 (0.9 m) 


= 1.768 x10 s W/m 


The center temperature of the wire is then determined from Eq. 2-7 1 to be 
T a =T s+ ^ = 1 10°C + (1-768x10- W/^XO-OOZm) 2 = 


4k 


4(20 W/m.°C) 
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2-80 Heat is generated in a long solid cylinder with a specified surface 
temperature. The variation of temperature in the cylinder is given by 


T(r) = 


e r 

° gen ' o 



f \ 

2 

1- 

r 



r 



\ o J 



+ 77 


(a) Heat conduction is steady since there is no time t variable involved. 

( b ) Heat conduction is a one-dimensional. 

(c) Using Eq. (1), the heat flux on the surface of the cylinder at r = r 0 is 
determined from its definition to be 


dT(r 0 ) 

q s = -k = -k 


dr 


r • 2 

r ^ 


p r 

gen o 

2 r 


k 

r 2 



\ o J 



-i r=r n 


= -k 


p r 
gen o 


2 r. 




V o 



= 2e gen r a = 2(35 W/cm 3 )(4cm) = 280 W/cm 


2-81 EES Prob. 2-80 is reconsidered. The temperature as a function of the radius is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
r_0=0.04 [m] 
k=25 [W/m-C] 
g_dot_0=35E+6 [W/m A 3] 

T_s=80 [C] 

"ANALYSIS" 

T=(g_dot_0*r_0 A 2)/k*(1-(r/r_0) A 2)+T_s "Variation of temperature" 



r [m] 


r [m] 

T [C] 

0 

2320 

0.004444 

2292 

0.008889 

2209 

0.01333 

2071 

0.01778 

1878 

0.02222 

1629 

0.02667 

1324 

0.03111 

964.9 

0.03556 

550.1 

0.04 

80 
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2-82 Heat is generated in a large plane wall whose one side is insulated while the other side is subjected to 
convection. The mathematical formulation, the variation of temperature in the wall, the relation for the 
surface temperature, and the relation for the maximum temperature rise in the plate are to be determined for 
steady one-dimensional heat transfer. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since the wall is large relative to its thickness. 3 Thermal conductivity is constant. 4 
Heat generation is uniform. 

Analysis ( a ) Noting that heat transfer is steady and one-dimensional in x direction, the mathematical 
formulation of this problem can be expressed as 


d l T 


gen 


and 


dx 2 k 
dT( 0) 


= 0 


dx 


= 0 (insulated surface at x = 0) 


dT(L ) 

- k — -y— - = h[T (L) - ] 

dx 

(b) Rearranging the differential equation and integrating, 


d 2 T 


gen 


— » 


dx 1 k 

Integrating one more time, 


dT 

dx 


gen 


x + C x 



X 


^genA 

T(x) = — — — +C.A-+C, 
2k 


Applying the boundary conditions: 
B.C. at x = 0: 


(1) 


B. C. at x = L : 


dT(0) _ 

dx 

( p 

-k 

gen L 


gen 


(0 ) + C x =0 -> C x = 0 


= h 


r • 1-2 
^gen-^ 


2k 


^ gen L 


-frggen^ 

2k 


-f Co -T 


00 


^oo + ^2 * ^2 “ ^gen-^ + 


he g en^ 


2k 


+ hT ; 


oo 


Dividing by h: 


C 2 = 


^gen-^ 


e L 

-\ — — - — + T. 


00 


h 2k 

Substituting the C x and C 2 relations into Eq. (1) and rearranging give 

e 


ru)= _f^ + f? 


^gen-^ 


T = 

± 00 


^-(L 2 - x 2 )+ e -^dl+T, 


CO 


2k h 2k 2k h 

which is the desired solution for the temperature distribution in the wall as a function of x. 

(c) The temperatures at two surfaces and the temperature difference between these surfaces are 

e I 2 e L 

r ( o )J-^+ e -^X +T , 


2k 

T(L) = -^dl + T 


h 


00 


h 


00 


AT = T(0)-T(L) = 


^gen-^ 


2k 


Discussion These relations are obtained without using differential equations in the text (see Eqs. 2-67 and 
2-73). 
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2-83E A long homogeneous resistance heater wire with specified convection conditions at the surface is 
used to boil water. The mathematical formulation, the variation of temperature in the wire, and the 
temperature at the centerline of the wire are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no change in the axial 
direction. 3 Thermal conductivity is constant. 4 Heat generation in the wire is uniform. 

Properties The thermal conductivity is given to be k = 8.6 Btu/h-ft-°F. 

Analysis Noting that heat transfer is steady and 
one-dimensional in the radial r direction, the 
mathematical formulation of this problem can be 
expressed as 

1 d f 


Water 


r dr 


dr 


gen 


= 0 


t g 

h 


(P- 


dT ) 

and - k — = h[T {r a ) - T^] (convection at the outer surface) 



Heater 


dr 

dT{ 0) 
dr 


- 0 (thermal symmetry about the centerline) 


Multiplying both sides of the differential equation by r and rearranging gives 


d_ 

dr 


dT 

dr 


gen 


Integrating with respect to r gives 


dT 


gen 


+ G 


(a) 


dr k 2 

It is convenient at this point to apply the second boundary condition since it is related to the first derivative 
of the temperature by replacing all occurrences of r and dT/dr in the equation above by zero. It yields 

dT( 0) e. 


B.C. at r = 0: 


Ox 


gen 


xO + Cj -> Cj = 0 


dr 2 k 

Dividing both sides of Eq. ( a ) by r to bring it to a readily integrable form and integrating, 
dT e. 


and 


dr 

T(r) = 


gen 

2k 
e 


gen r 2 + C 


4 k 


C b ) 


Applying the second boundary condition at r - r G , 


B. C. at r - r. 


k^ = h 
2k 


f 


If" 2 +r —T 

r o + U 2 1 CO 


V 


4k 




C 2 ~ T ao + 


e r 
gen o 


2 h 


gen 2 

'o 


4 k 


Substituting this C 2 relation into Eq. (b) and rearranging give 

e , 


T(r) = T„ 4 


gen 2 2 n , e g&n r o 

(To ~ r ) + 


4k 2 h 

which is the desired solution for the temperature distribution in the wire as a function of r. Then the 
temperature at the center line (r = 0) is determined by substituting the known quantities to be 

T( 0) = T 0 


oo 


4k 
= 212°F -f 


p r 

gen 2 gen o 

ro+~ 


2 h 


(1800 Btu/h.in 3 )(0.25 in) 2 

f 12 nV 

i (1800 Btu/h.in 3 )(0.25 in) 

( 12 in ^ 

4x (8.6 Btu/h.ft.°F) 

l 1ft V 

2 x (820 Btu/h • ft 2 • °F) 

l ift J 


= 290.8°F 


Thus the centerline temperature will be about 80°F above the temperature of the surface of the wire. 
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2-84E EES Prob. 2-83E is reconsidered. The temperature at the centerline of the wire as a function of the 
heat generation is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
r_0=0.25/12 [ft] 
k=8.6 [Btu/h-ft-F] 
e_dot=1800 [Btu/h-in A 3] 

T_infinity=212 [F] 
h=820 [Btu/h-ft A 2-F] 

"ANALYSIS" 

T_0=T_infinity+(e_dot/Convert(in A 3, ft A 3))/(4*k)*(r_0 A 2-r A 2)+((e_dot/Convert(in A 3, 
ft A 3))*r_0)/(2*h) "Variation of temperature" 
r=0 "for centerline temperature" 


e 

[Btu/h.in 3 ] 

T 0 [F] 

400 

229.5 

600 

238.3 

800 

247 

1000 

255.8 

1200 

264.5 

1400 

273.3 

1600 

282 

1800 

290.8 

2000 

299.5 

2200 

308.3 

2400 

317 



2-85 A nuclear fuel rod with a specified surface temperature is used as the fuel in a nuclear reactor. The 
center temperature of the rod is to be determined. 


Assumptions 1 Heat transfer is steady since there is no indication 
of any change with time. 2 Heat transfer is one-dimensional 
since there is thermal symmetry about the center line and no 
change in the axial direction. 3 Thermal conductivity is constant. 
4 Heat generation in the rod is uniform. 

Properties The thermal conductivity is given to be ” 

k = 29.5 W/m-°C. 

Analysis The center temperature of the rod is determined from 




Uranium rod 


. 


T =T + 

o s ' 


gen o 

4 k 


= 220°C + 


(4xl0 7 W/m 3 )(0.005 m) 2 
4(29.5 W/m.°C) 


228 °C 
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2-86 Both sides of a large stainless steel plate in which heat is generated uniformly are exposed to 
convection with the environment. The location and values of the highest and the lowest temperatures in the 
plate are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since the plate is large relative to its thickness, and there is thermal symmetry about the 
center plane 3 Thermal conductivity is constant. 4 Heat generation is uniform. 


Properties The thermal conductivity is given to be k =15.1 W/m-°C. 

Analysis The lowest temperature will occur at 

surfaces of plate while the highest temperature 

will occur at the midplane. Their values are =30°C 

determined directly from h=60 W/nr-°C 


T =T 

± s CO 

T =T 

o s 


^gen L 

h 


= 30°C 


^gen 

2k 



155°C 


(5 x IQ 5 W/m 3 )(0.015 m) _ 
60 W/m 2 °C 

(5xl0 5 W/m 3 )(0.015m) 
2(15.1 W/m -°C) 


155°C 

2 

— = 158.7°C 


k 


e 


gen 


2L=3 cm 
< > 


T* =30°C 
/;=60 W/m 2 .°C 


2-87 Heat is generated uniformly in a large brass plate. One side of the plate is insulated while the other 
side is subjected to convection. The location and values of the highest and the lowest temperatures in the 
plate are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since the plate is large relative to its thickness, and there is thermal symmetry about the 
center plane 3 Thermal conductivity is constant. 4 Heat generation is uniform. 


Properties The thermal conductivity is given to be k =1 1 1 W/m-°C. 


Analysis This insulated plate whose thickness is L is 
equivalent to one-half of an uninsulated plate whose 
thickness is 2 L since the midplane of the uninsulated plate 
can be treated as insulated surface. The highest temperature 
will occur at the insulated surface while the lowest 
temperature will occur at the surface which is exposed to 
the environment. Note that L in the following relations is 
the full thickness of the given plate since the insulated side 
represents the center surface of a plate whose thickness is 
doubled. The desired values are determined directly from 


Insulated 


T =T 

.9 CO 


Zger\L 


h 


= 25°C 


(2xl0 5 W/m 3 )(0.05m) 
44 W/m 2 .°C 


252.3°C 


k 


e 


gen 


L = 5 cm 
< > 


^ =25 °C 
h = 44 W/m 2 .°C 


T =T 

i O .9 


^gen L 


2k 


252. 3°C 


(2xl0 5 W/m 3 )(0.05 m) 2 
2(1 1 1 W/m • °C) 


254.6°C 
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2-88 EES Prob. 2-87 is reconsidered. The effect of the heat transfer coefficient on the highest and lowest 
temperatures in the plate is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.05 [m] 
k=1 1 1 [W/m-C] 
g_dot=2E5 [W/m A 3] 

T_infinity=25 [C] 
h=44 [W/m A 2-C] 

"ANALYSIS" 

T_min=TJnfinity+(g_dot*L)/h 

T_max=T_min+(g_dot*L A 2)/(2*k) 


h 

[W/m 2 .C 

] 

T m in 

[C] 

Tmax 

[C] 

20 

525 

527.3 

25 

425 

427.3 

30 

358.3 

360.6 

35 

310.7 

313 

40 

275 

277.3 

45 

247.2 

249.5 

50 

225 

227.3 

55 

206.8 

209.1 

60 

191.7 

193.9 

65 

178.8 

181.1 

70 

167.9 

170.1 

75 

158.3 

160.6 

80 

150 

152.3 

85 

142.6 

144.9 

90 

136.1 

138.4 

95 

130.3 

132.5 

100 

125 

127.3 



h [W/m 2 -C] 
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2-89 A long resistance heater wire is subjected to convection at its outer surface. The surface temperature 
of the wire is to be determined using the applicable relations directly and by solving the applicable 
differential equation. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no change in the axial 
direction. 3 Thermal conductivity is constant. 4 Heat generation in the wire is uniform. 

Properties The thermal conductivity is given to be k = 15.1 W/m-°C. 

Analysis ( a ) The heat generation per unit volume of the wire is 


E 


e — 

^ nan 


gen 


E 


gen 


2000 W 


= 1.061x10 s W/m 3 


Kvire M' 0 2 L ^-(0.001 m) 2 (6 m) 

The surface temperature of the wire is then (Eq. 2-68) 

= r. + ^ = 20°c + a-06ixio 8 w/ m -)(o.ooi m) = 323oc 

2 h 2(175 W/m 2 -°C) 

( b ) The mathematical formulation of this problem can be expressed as 


T 0 

h 


1 d 


and -k 


r dr 

dT(r a ) 

dr 

dT{ 0) 
dr 


dT 

dr 


gen 


= 0 


-gen 


0 


= h[T (r G ) - T ^ ] (convection at the outer surface) 
= 0 (thermal symmetry about the centerline) 


Multiplying both sides of the differential equation by r and integrating gives 


d f dT 
r — 


dr 


v 


dr 




gen 


r — > r 


dT 

dr 


gen 


k 2 


+ Cj 


(a) 


Applying the boundary condition at the center line, 


B.C. at r = 0: 


Ox 


dT( 0) 


gen 


x0 + Cj -> Cj = 0 


dr 2k 

Dividing both sides of Eq. ( a ) by r to bring it to a readily integrable form and integrating, 


dT 


gen 


-> T(r) = 

dr 2k 

Applying the boundary condition at r = r Q , 


gen r 2 + C 


4k 


(b) 


B. C. at r = r * 


_ k v^ =h 

2k 


f 


v 


— ro+C 2 -Tao 

4k 0 2 ™ 


C, = T + + fjEl r 2 

^ r\i Alt) 


2 h 


4k 


Substituting this C 2 relation into Eq. (b) and rearranging give 


rr / \ r r 1 e Z en / 2 2 \ . e gen r o 

T(r) = T oo + — (r 0 -r ) + 


4k 


2 h 


T a 

h 


> r 


which is the temperature distribution in the wire as a function of r. Then the temperature of the wire at the 
surface ( r = r a ) is determined by substituting the known quantities to be 


7X r o ) - + “ 7 “ (r 2 - r 2 ) + 


4k " " 2 h 2 h 

Note that both approaches give the same result. 


Vo T ! V» _ 2QOC | (1.061x10 W/m )(0.001 m) 


323°C 


2(175 W/m -°C) 
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2-90E Heat is generated uniformly in a resistance heater wire. The temperature difference between the 
center and the surface of the wire is to be determined. 


Assumptions 1 Heat transfer is steady since there is no change 
with time. 2 Heat transfer is one-dimensional since there is 
thermal symmetry about the center line and no change in the 
axial direction. 3 Thermal conductivity is constant. 4 Heat 
generation in the heater is uniform. 

Properties The thermal conductivity is given to be 
k = 5.8Btu/h-ft-°F. 

Analysis The resistance heater converts electric energy 
into heat at a rate of 3 kW. The rate of heat generation 
per unit length of the wire is 




(r- 



Heater 


p — 

gen 


gen 


gen 


(3 x 3412.14 Btu/h) 


1 / 


wire 


mil tz"(0.04 / 1 2 ft) 2 ( 1 ft) 


= 2.933x10 s Btu/h -ft 


Then the temperature difference between the centerline and the surface becomes 


AT, 


max 


e r 

gen o 


4 k 


(2.933 xlO 8 Btu/h • ft 3 )(0.04 / 1 2 ft) 2 
4(5.8 Btu/h- ft -°F) 


140.5°F 


2-91E Heat is generated uniformly in a resistance heater wire. The temperature difference between the 
center and the surface of the wire is to be determined. 

Assumptions 1 Heat transfer is steady since there is no change 
with time. 2 Heat transfer is one-dimensional since there is 
thermal symmetry about the center line and no change in the 
axial direction. 3 Thermal conductivity is constant. 4 Heat 
generation in the heater is uniform. 

Properties The thermal conductivity is given to be 
k = 4.5 Btu/h-ft-°F. 


r i 

k 


T 

1 s 

r a 

r 





Analysis The resistance heater converts electric energy 
into heat at a rate of 3 kW. The rate of heat generation 
per unit volume of the wire is 



Heater 


e = 

gen 


gen 


gen 


1/ 


wire 


nr]L 


(3x3412. 14 Btu/h) 
tt(0.04 / 1 2 ft) 2 ( 1 ft) 


= 2.933x10 s Btu/h -ft 


Then the temperature difference between the centerline and the surface becomes 


AT, 


e r 

gen o 


max 


4 k 


(2.933 xlO 8 Btu/h • ft 3 )(0.04 / 1 2 ft) 2 
4(4.5 Btu/h- ft -°F) 


= 181.0°F 
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2-92 Heat is generated uniformly in a spherical radioactive material with specified surface temperature. 

The mathematical formulation, the variation of temperature in the sphere, and the center temperature are to 
be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat transfer is steady since there is no indication of any changes with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the mid point. 3 Thermal conductivity is 
constant. 4 Heat generation is uniform. 


Properties The thermal conductivity is given to be k = 15 W/m °C. 


Analysis (a) Noting that heat transfer is steady and one- 
dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 


1 d 

f 2 dT) 

e 

c gen 

r 2 dr 

l dr J 

I 

k 


with e gen = constant 


and T(r 0 ) = T s = 80°C (specified surface temperature) 


dT( 0) 
dr 


0 (thermal symmetry about the mid point) 



• • • 9 •• 

(, b ) Multiplying both sides of the differential equation by r and rearranging gives 


d ( i dT\ 

— r 

dr v dr 


e 

gen 2 

r 

k 


Integrating with respect to r gives 

2 Cll e 2en r 3 

r 


2 dT_ _ _ g gen >' | ^ 


(a) 


dr k 3 
Applying the boundary condition at the mid point, 


B.C. at r = 0: 


Ox 


dT( 0) 


gen 


dr 3 k 

2 


xO + Q -> Cj = 0 


Dividing both sides of Eq. ( a ) by r to bring it to a readily integrable form and integrating, 
dT e. 


dr 


gen 

3 k 


and T(r) = — ^-r 2 +C- 

6k 


(b) 


Applying the other boundary condition at r = r 0 , 

O n , . rj, ^gen 2 , n v n r ^gen 2 

B.C. at r = r a : T s =-—-r 0 +C 2 C 2 =T s +——r 0 

6 k 6 k 

Substituting this C 2 relation into Eq. ( b ) and rearranging give 

T{r) = T s +——(r 0 -r ) 

6 k 

which is the desired solution for the temperature distribution in the wire as a function of r. 

(c) The temperature at the center of the sphere (r = 0) is determined by substituting the known quantities to 
be 

7X0) = T s + ^ (r 0 2 - 0 2 ) = T s + - = 80°C + < 4xl 0 7 W/m 3 )(0.0 4 m) 2 = 

6k 6k 6x(15W/m-°C) 


Thus the temperature at center will be about 71 1°C above the temperature of the outer surface of the 
sphere. 
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2-93 EES Prob. 2-92 is reconsidered. The temperature as a function of the radius is to be plotted. Also, the 
center temperature of the sphere as a function of the thermal conductivity is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
r_0=0.04 [m] 
g_dot=4E7 [W/m A 3] 

T_s=80 [C] 
k=15 [W/m-C] 

"ANALYSIS" 

T=T_s+g_dot/(6*k)*(r_0 A 2-r A 2) "Temperature distribution as a function of r" 
T_0=T_s+g_dot/(6*k)*r_0 A 2 "Temperature at the center (r=0)" 


r [m] 

T [C] 

0 

791.1 

0.002105 

789.1 

0.004211 

783.2 

0.006316 

773.4 

0.008421 

759.6 

0.01053 

741.9 

0.01263 

720.2 

0.01474 

694.6 

0.01684 

665 

0.01895 

631.6 

0.02105 

594.1 

0.02316 

552.8 

0.02526 

507.5 

0.02737 

458.2 

0.02947 

405 

0.03158 

347.9 

0.03368 

286.8 

0.03579 

221.8 

0.03789 

152.9 

0.04 

80 


k [W/m.C] 

To [C] 

10 

1147 

30.53 

429.4 

51.05 

288.9 

71.58 

229 

92.11 

195.8 

112.6 

174.7 

133.2 

160.1 

153.7 

149.4 

174.2 

141.2 

194.7 

134.8 

215.3 

129.6 

235.8 

125.2 

256.3 

121.6 

276.8 

118.5 
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297.4 

115.9 

317.9 

113.6 

338.4 

111.5 

358.9 

109.7 

379.5 

108.1 

400 

106.7 


0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 



50 100 150 200 250 300 350 400 

k [W/m-C] 
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2-94 A long homogeneous resistance heater wire with specified surface temperature is used to heat the air. 
The temperature of the wire 3.5 mm from the center is to be determined in steady operation. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no change in the axial 
direction. 3 Thermal conductivity is constant. 4 Heat generation in the wire is uniform. 

Properties The thermal conductivity is given to be k = 8 W/m-°C. 

Analysis Noting that heat transfer is steady and one- 
dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 


1 d 


r dr 


dr 


gen 


= 0 


i 

r a 

V 

180°C 


p 

gen 


and 


T(r a ) = T S = 180°C (specified surface temperature) 
dT( 0) 



Resistance wire 


dr 


= 0 (thermal symmetry about the centerline) 


Multiplying both sides of the differential equation by r and rearranging gives 
d ( dT > e. 


dr 


dr 


gen 


Integrating with respect to r gives 

^ 2 


dT 

dr 


gen 


k 2 


+C X 


(a) 


It is convenient at this point to apply the boundary condition at the center since it is related to the first 
derivative of the temperature. It yields 


B.C. at r = 0: 


Ox 


dT( 0) 


gen 


xO + Cj -> Cj = 0 


dr 2k 

Dividing both sides of Eq. ( a ) by r to bring it to a readily integrable form and integrating, 
dT e. 


and 


dr 

T(r) = 


gen 

2 ~k 
e 


gen r 2 + C 


4 k 


(b) 


Applying the other boundary condition at r = r a , 

e , 


B. C. at r = r • 


T = 

± s 


gen 2 , n 
r n + C 


— ^ Co — T P + 


gen 


4 k 4 k 

Substituting this C 2 relation into Eq. ( b ) and rearranging give 

e. 


T(r) = T s + 


which is the desired solution for the temperature distribution in the wire as a function of r. The temperature 
3.5 mm from the center line (r = 0.0035 m) is determined by substituting the known quantities to be 


7\0.0035 m) = T s + (r a z - r z ) = 1 80°C 4 


5 xlO 7 W/m 3 


[(0.005 m) 2 - (0.0035 m) : 2 ] = 200°C 


4k 4x(8W/m-°C) 

Thus the temperature at that location will be about 20°C above the temperature of the outer surface of the 


wire. 
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2-95 Heat is generated in a large plane wall whose one side is insulated while the other side is maintained 
at a specified temperature. The mathematical formulation, the variation of temperature in the wall, and the 
temperature of the insulated surface are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since the wall is large relative to its thickness, and there is thermal symmetry about the 
center plane. 3 Thermal conductivity is constant. 4 Heat generation varies with location in the x direction. 

Properties The thermal conductivity is given to be k = 30 W/m-°C. 

Analysis ( a ) Noting that heat transfer is steady and one-dimensional in 
x direction, the mathematical formulation of this problem can be 
expressed as 



d 2 T 


| 

dx 2 

where 

p — 

gen 

and 

dT( 0) 


^ gen (*) 


= 0 


Insulated 


dx 


= 0 (insulated surface at x = 0) 


T (L) = T 2 = 30°C (specified surface temperature) 
( b ) Rearranging the differential equation and integrating, 



d 2 T 


fo -0.5 x/L 

O r 


dx 1 k 

Integrating one more time, 

\)L e 


dT 

dx 


e o e 


-0.5 x! L 


k -0.5 /L 


Ci -> 


dT = 2e 0 L 0 . 5 * /z, 

dx k 


+c { 


T(x) = 


2 e n L -~°- 5x ' L 


k -0.5 IL 
Applying the boundary conditions: 

B.C. at x = 0: = ^^o/l 

dx k 

B.C. at x = L: T(L)=T 2 = 


i~CiX-|-C 2 — ^ T(x) - 


\e a U 


e -0.5x/L +Ci x + C 2 (1) 


_ _ 2 e^L 2 e () L 

+ C X -> o = + Cj -> C l = 


. 2 

4 e 0 L -0.5 L/L 


+ C i T + C o — ^ Co —To + 


4 ^o C 2 _ 0 5 2^ 0 U 


Substituting the C\ and C 2 relations into Eq. (1) and rearranging give 
T(x)=T 2 + [4(e ~ 0 - 5 - e ~ a5x/ L ) + 2(1 - x / L)] 


which is the desired solution for the temperature distribution in the wall as a function of x. 

(c) The temperature at the insulate surface (x = 0) is determined by substituting the known quantities to be 

e L 2 

7(0) = T 2 — [4(e -0 ' 5 -e°) + (2-0/L)] 

k 

_ 3QOC + (8xlQ 6 W/ m 3 )(0.05 m ) 2 _ 0 , _ = 3 ^ 

(30 W/m -°C) 

Therefore, there is a temperature difference of almost 300°C between the two sides of the plate. 
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2-96 EES Prob. 2-95 is reconsidered. The heat generation as a function of the distance is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.05 [m] 

T_s=30 [C] 
k=30 [W/m-C] 
e_dot_0=8E6 [W/m A 3] 

"ANALYSIS" 

e_dot=e_dot_0*exp((-0.5*x)/L) "Heat generation as a function of x" 
"x is the parameter to be varied" 


X [m] 

e [W/m 3 ] 

0 

8.000E+06 

0.005 

7.610E+06 

0.01 

7.239E+06 

0.015 

6.886E+06 

0.02 

6.550E+06 

0.025 

6.230E+06 

0.03 

5.927E+06 

0.035 

5.638E+06 

0.04 

5.363E+06 

0.045 

5.101E+06 

0.05 

4.852E+06 
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Variable Thermal Conductivity 

2-97 C During steady one-dimensional heat conduction in a plane wall, long cylinder, and sphere with 
constant thermal conductivity and no heat generation, the temperature in only the plane wall will vary 
linearly. 


2-98C The thermal conductivity of a medium, in general, varies with temperature. 


2-99C During steady one-dimensional heat conduction in a plane wall in which the thermal conductivity 
varies linearly, the error involved in heat transfer calculation by assuming constant thermal conductivity at 
the average temperature is ( a ) none. 


2-100C No, the temperature variation in a plain wall will not be linear when the thermal conductivity 
varies with temperature. 


2-101C Yes, when the thermal conductivity of a medium varies linearly with temperature, the average 
thermal conductivity is always equivalent to the conductivity value at the average temperature. 


2-102 A plate with variable conductivity is subjected to specified 
temperatures on both sides. The rate of heat transfer through the plate 
is to be determined. 

Assumptions 1 Heat transfer is given to be steady and one- 
dimensional. 2 Thermal conductivity varies quadratic ally. 3 There is 
no heat generation. 

Properties The thermal conductivity is given to be 
k(T) = k 0 (l + j3T 2 ). 

Analysis When the variation of thermal conductivity with temperature 
k(T) is known, the average value of the thermal conductivity in the 
temperature range between 7j and T 2 can be determined from 


k — 

^avg 


f 2 k(T)dT \ Tl k Q {\ + PT 2 )dT k Q 
Jr ; Jt ; 


t+^-t 

3 


r. 


'Zi 



t 2 -t x 


t 2 -t x 


t 2 -t x 


T 2 — T\ 


= k, 


l 

3 


i+— ir 2 2 +t{t 2 +T{ 


X 


This relation is based on the requirement that the rate of heat transfer through a medium with constant 
average thermal conductivity k. dWg equals the rate of heat transfer through the same medium with variable 
conductivity k{T). Then the rate of heat conduction through the plate can be determined to be 

7j -T ? 

Q = k mt A L ~ =k 0 

Discussion We would obtain the same result if we substituted the given k{T) relation into the second part 
of Eq. 2-76, and performed the indicated integration. 


\ + 1(t 2 2 + t>t 2 +t 2 


A 


r, -t~ 

L 
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2-103 A cylindrical shell with variable conductivity is subjected to specified temperatures on both sides. 
The variation of temperature and the rate of heat transfer through the shell are to be determined. 

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies 
linearly. 3 There is no heat generation. 


Properties The thermal conductivity is given to be k(T) = k 0 (1 + pT ) . 

Solution ( a ) The rate of heat transfer through the shell is 
expressed as 


• 1 1 
Q cylinder — 27Zk aV gZ>- 7 


r , -p 


In (r 2 / r x ) 


where L is the length of the cylinder, r x is the inner 
radius, and r 2 is the outer radius, and 


^•avg ^(^ave) ^ 


avg. 


1 + /? 


T l+T\ 


is the average thermal conductivity. 



(, b ) To determine the temperature distribution in the shell, we begin with the Fourier’s law of heat 
conduction expressed as 


dT 

Q = -k(T)A — 
dr 


where the rate of conduction heat transfer Q is constant and the heat conduction area A = 2nrL is variable. 
Separating the variables in the above equation and integrating from r=r x where T(r x ) = 7j to any r where 
T(r) = T , we get 

• c r dr r T 

Q\ — = -2 nh\ k(T)dT 
•A r Jr, 

Substituting k(T ) = k 0 ( 1 + pT) and performing the integrations gives 


Q\n- = -27rLk 0 [(T-T l ) + fi(T 2 -7j 2 )/2] 
r \ 

Substituting the Q expression from part ( a ) and rearranging give 


T* + — T4 


2 2 k mg In (r/rj) 


P fik Q In (r 2 / r, ) 


( T \-T 2 )-T\ ~p\ =° 


which is a quadratic equation in the unknown temperature T. Using the quadratic formula, the temperature 
distribution T(r) in the cylindrical shell is determined to be 


T(r) = ± 

p \ 


1 2k ln(r/r. ) ? 2 

— iL(r _ t 2 )+t , 2 +— r, 

P 2 pk Q ln( r 2 lr l ) “ P 


Discussion The proper sign of the square root term (+ or -) is determined from the requirement that the 
temperature at any point within the medium must remain between 7j and T 2 . 
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2-104 A spherical shell with variable conductivity is subjected to specified temperatures on both sides. 

The variation of temperature and the rate of heat transfer through the shell are to be determined. 

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies 
linearly. 3 There is no heat generation. 

Properties The thermal conductivity is given to be k(T) = k 0 (1 + fiT ) . 

Solution ( a ) The rate of heat transfer through the shell is expressed as 

T\-T 2 

Q sphere — 4^ aV g r 2 

r 2 -r { 

where r\ is the inner radius, r 2 is the outer radius, and 

fe avg = ^avg) = ki 1 + P 

is the average thermal conductivity. 

( b ) To determine the temperature distribution in the shell, we begin with the Fourier’s law of heat 
conduction expressed as 

Q = -k(T)A 

dr 

where the rate of conduction heat transfer Q is constant and the heat conduction area A = 47ir 2 is variable. 
Separating the variables in the above equation and integrating from r=r\ where T(r { ) = 7j to any r where 
T(r) = T , we get 

• r dr r T 
Q\ —=-4 k\ k(T)dT 

J 'i r~ 

Substituting k(T ) = k 0 (l + pT) and performing the integrations gives 

•f 1 ll 2 2 

q =-4^ 0 [(7’-7’ 1 ) + /?(7’ 2 -7’ 1 2 )/2] 

U r ) 

Substituting the Q expression from part ( a ) and rearranging give 

9 2 r (r-r,) ? 2 

T~ + — r + — -(T x -T 2 )-T? 7j =0 

P Ph r(r 2 -r x ) ~ P 

which is a quadratic equation in the unknown temperature T. Using the quadratic formula, the temperature 
distribution T(r) in the cylindrical shell is determined to be 

T(r) = ± 

P 

Discussion The proper sign of the square root term (+ or -) is determined from the requirement that the 
temperature at any point within the medium must remain between 7] and T 2 . 
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2-105 A plate with variable conductivity is subjected to specified temperatures on both sides. The rate of 
heat transfer through the plate is to be determined. 

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies 
linearly. 3 There is no heat generation. 


Properties The thermal conductivity is given to be k(T) = k 0 (1 + J3T ) . 

Analysis The average thermal conductivity of the medium in 
this case is simply the conductivity value at the average 
temperature since the thermal conductivity varies linearly with 
temperature, and is determined to be 

i. K,rr n k (i . n T 2 + T l 1 


^ave = k ( T av*) = k 0 1 + /? 


( 4 , (500 + 350) K 

= (25 W/m - K) l + (8.7xl0" 4 K" )- — 

v 2 

= 34.24 W/m-K 


Then the rate of heat conduction through the plate becomes 



Q = k ms A Tl Tl = (34.24 W/m • K)( 1 .5 m x 0.6 m) (50 ° 350)K = 30,820 W = 30.8 kW 
b L 0.15m 


Discussion We would obtain the same result if we substituted the given k(T) relation into the second part 
of Eq, 2-76, and performed the indicated integration. 
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2-106 EES Prob. 2-105 is reconsidered. The rate of heat conduction through the plate as a function of the 
temperature of the hot side of the plate is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

A=1 .5*0.6 [m A 2] 

L=0.1 5 [m] 

T_1 =500 [K] 

T_2=350 [K] 
k_0=25 [W/m-K] 
beta=8.7E-4 [1/K] 

"ANALYSIS" 
k=k_0*(1+beta*T) 
T=1/2*(T_1 +T_2) 
Q_dot=k*A*(T_1 -T_2)/L 


t, rwi 

0 [W] 

400 

9947 

425 

15043 

450 

20220 

475 

25479 

500 

30819 

525 

36241 

550 

41745 

575 

47330 

600 

52997 

625 

58745 

650 

64575 

675 

70486 

700 

76479 



PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


2-57 


Special Topic: Review of Differential equations 

2-107C We utilize appropriate simplifying assumptions when deriving differential equations to obtain an 
equation that we can deal with and solve. 


2-108C A variable is a quantity which may assume various values during a study. A variable whose value 
can be changed arbitrarily is called an independent variable (or argument). A variable whose value 
depends on the value of other variables and thus cannot be varied independently is called a dependent 
variable (or a function). 


2-109C A differential equation may involve more than one dependent or independent variable. For 


example, the equation 


d 2 T(xJ) e 


gen 


1 dT{x,t) 


dx' 


a 


dt 


has one dependent (7) and 2 independent variables (x 


and t). the equation 


d 2 T(x, t) 8W(x,t) 1 8T(xJ) 1 dW(x,t) 


fir 


dx 


a 


dt 


a 


dt 


has 2 dependent (T and W) and 2 


independent variables (x and t). 


2-1 IOC Geometrically, the derivative of a function y(v) at a point represents the slope of the tangent line to 
the graph of the function at that point. The derivative of a function that depends on two or more 
independent variables with respect to one variable while holding the other variables constant is called the 
partial derivative. Ordinary and partial derivatives are equivalent for functions that depend on a single 
independent variable. 


2-111C The order of a derivative represents the number of times a function is differentiated, whereas the 
degree of a derivative represents how many times a derivative is multiplied by itself. For example, y"' is 

the third order derivative of y, whereas (y r ) is the third degree of the first derivative of y. 


2-1 12C For a function f(x, y ) , the partial derivative df / dx will be equal to the ordinary derivative 
df / dx when /does not depend on y or this dependence is negligible. 


2-1 13C For a function f(x ) , the derivative df I dx does not have to be a function of x. The derivative will 
be a constant when the/ is a linear function of v. 

2-1 14C Integration is the inverse of derivation. Derivation increases the order of a derivative by one, 
integration reduces it by one. 

2-1 15C A differential equation involves derivatives, an algebraic equation does not. 


2-1 16C A differential equation that involves only ordinary derivatives is called an ordinary differential 
equation, and a differential equation that involves partial derivatives is called a partial differential equation. 


2-1 17C The order of a differential equation is the order of the highest order derivative in the equation. 
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2-1 18C A differential equation is said to be linear if the dependent variable and all of its derivatives are of 
the first degree, and their coefficients depend on the independent variable only. In other words, a 
differential equation is linear if it can be written in a form which does not involve (1) any powers of the 

dependent variable or its derivatives such as y^ or (y') , (2) any products of the dependent variable or its 

derivatives such as yy' or y'y '" , and (3) any other nonlinear functions of the dependent variable such as 

sin y or e v . Otherwise, it is nonlinear. 


2-1 19C A linear homogeneous differential equation of order n is expressed in the most general form as 

y n) + /, (x)y (n ~ l) +■■■+ /„_! (*)/ + /„ (*)y = 0 

Each term in a linear homogeneous equation contains the dependent variable or one of its derivatives after 
the equation is cleared of any common factors. The equation y" — 4x y = 0 is linear and homogeneous 
since each term is linear in y, and contains the dependent variable or one of its derivatives. 

2-120C A differential equation is said to have constant coefficients if the coefficients of all the terms 
which involve the dependent variable or its derivatives are constants. If, after cleared of any common 
factors, any of the terms with the dependent variable or its derivatives involve the independent variable as a 

coefficient, that equation is said to have variable coefficients The equation y" — 4x y = 0 has variable 

coefficients whereas the equation y " - 4y = 0 has constant coefficients. 


2-121C A linear differential equation that involves a single term with the derivatives can be solved by 
direct integration. 

2-122C The general solution of a 3rd order linear and homogeneous differential equation will involve 3 
arbitrary constants. 
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Review Problems 

2-123 A small hot metal object is allowed to cool in an environment by convection. The differential 
equation that describes the variation of temperature of the ball with time is to be derived. 

Assumptions 1 The temperature of the metal object changes uniformly with time during cooling so that T = 
T(t). 2 The density, specific heat, and thermal conductivity of the body are constant. 3 There is no heat 
generation. 

Analysis Consider a body of arbitrary shape of mass m, volume 1/ surface area A, density p, and specific 
heat c p initially at a uniform temperature T { . At time t = 0, the body is placed into a medium at temperature 
7^ , and heat transfer takes place between the body and its environment with a heat transfer coefficient h. 

During a differential time interval dt , the temperature of the 
body rises by a differential amount dT. Noting that the temperature 
changes with time only, an energy balance of the solid for the time 
interval dt can be expressed as 

Heat transfer from the body^j ( The decrease in the energy 

during dt J [ of the body during dt 

or hA s (T - 7^ )dt = me p (- dT ) 

Noting that m - pV and dT = d(T -T^) since T ^ = constant, the equation above can be rearranged as 

d(T-T„) = hA s ^ 

T-T x pVc p 

which is the desired differential equation. 



2-124 A long rectangular bar is initially at a uniform temperature of 7j. The surfaces of the bar at x = 0 and 
y = 0 are insulated while heat is lost from the other two surfaces by convection. The mathematical 
formulation of this heat conduction problem is to be expressed for transient two-dimensional heat transfer 
with no heat generation. 

Assumptions 1 Heat transfer is transient and two-dimensional. 2 Thermal conductivity is constant. 3 There 
is no heat generation. 

Analysis The differential equation and the boundary conditions for this heat conduction problem can be 
expressed as 



- k b ' = h[T(x, b, t)-T x ] Insulated 

dx 


T(x, y, 0) = T t 
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2-125 Heat is generated at a constant rate in a short cylinder. Heat is lost from the cylindrical surface at r = 
r a by convection to the surrounding medium at temperature T ^ with a heat transfer coefficient of h. The 

bottom surface of the cylinder at r = 0 is insulated, the top surface at z = H is subjected to uniform heat flux 
q h , and the cylindrical surface at r — r a is subjected to convection. The mathematical formulation of this 

problem is to be expressed for steady two-dimensional heat transfer. 


Assumptions 1 Heat transfer is given to be steady and two-dimensional. 2 Thermal conductivity is 
constant. 3 Heat is generated uniformly. 

Analysis The differential equation and the boundary conditions for this heat conduction problem can be 
expressed as 


i_d_ 

r dr 


f 

r 

V 


dT\ 

77 , 


d~T ^gen 
dz 2 k 


= 0 


8T(r,0) 

dz 

. dT(r.H) 
k 

dz 


= 0 
= Qh 


dT( 0, z) 
dr 

dT(r ,z) 

k 

dr 


= 0 

= h[T(r 0 ,z)-T^\ 



e 


gen 



h 


2-126E A large plane wall is subjected to a specified temperature on the left (inner) surface and solar 
radiation and heat loss by radiation to space on the right (outer) surface. The temperature of the right 
surface of the wall and the rate of heat transfer are to be determined when steady operating conditions are 
reached. 


Assumptions 1 Steady operating conditions are reached. 2 Heat 
transfer is one-dimensional since the wall is large relative to its 
thickness, and the thermal conditions on both sides of the wall are 
uniform. 3 Thermal properties are constant. 4 There is no heat 
generation in the wall. 

Properties The properties of the plate are given to be k = 1.2 
Btu/h-ft-°F and s = 0.80, and a s - 0.60 . 


Analysis In steady operation, heat conduction through the wall must 
be equal to net heat transfer from the outer surface. Therefore, taking 
the outer surface temperature of the plate to be T 2 (absolute, in R), 


T — T i 

kA s - J y^- = 8(jA ?2 - «A<7olar 



Canceling the area A and substituting the known quantities, 

(520R)-T 7 8 9 4 4 9 

(1 .2 Btu/h • ft • °F) = 0.8(0. 1 7 1 4 X 1 0 ” 8 Btu/h • ft 2 • R 4 )T ? 4 - 0.60(300 Btu/h • ft 2 ) 

0.8ft 


Solving for T 2 gives the outer surface temperature to be T 2 = 553.9 R 
Then the rate of heat transfer through the wall becomes 


q-k 


T\ 



(1 .2 Btu/h • ft • °F) (52Q 553 - 9)R = -50.9 Btu/h • ft 2 

0.8 ft 


(per unit area) 


Discussion The negative sign indicates that the direction of heat transfer is from the outside to the inside. 
Therefore, the structure is gaining heat. 
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2-127E A large plane wall is subjected to a specified temperature on the left (inner) surface and heat loss 
by radiation to space on the right (outer) surface. The temperature of the right surface of the wall and the 
rate of heat transfer are to be determined when steady operating conditions are reached. 

Assumptions 1 Steady operating conditions are reached. 2 Heat transfer is one-dimensional since the wall 
is large relative to its thickness, and the thermal conditions on both sides of the wall are uniform. 3 
Thermal properties are constant. 4 There is no heat generation in the wall. 

Properties The properties of the plate are given to be k = 1.2 
Btu/h-ft-°F and 8 = 0.80. 

Analysis In steady operation, heat conduction through the wall must 
be equal to net heat transfer from the outer surface. Therefore, taking 
the outer surface temperature of the plate to be T 2 (absolute, in /?), 

Ty-T 7 a 5 

kA s -L—L = saAJ* 

Z-/ 

Canceling the area A and substituting the known quantities, 

(1.2 Btu/h • ft • °F) — = 0.8(0.1714xl0 -8 Btu/h -ft 2 • R 4 )7Y 

0.5 ft 2 

Solving for T 2 gives the outer surface temperature to be T 2 = 487.7 R 

Then the rate of heat transfer through the wall becomes 


520 R 


To 


L 


x 


t _t 1520-487 71 R 

a-k — — = (1 .2 Btu/h • ft • °F) : = 77.5 Btu/h • ft 2 (per unit area) 

L 0.5 ft 

Discussion The positive sign indicates that the direction of heat transfer is from the inside to the outside. 
Therefore, the structure is losing heat as expected. 
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2-128 A steam pipe is subjected to convection on both the inner and outer surfaces. The mathematical 
formulation of the problem and expressions for the variation of temperature in the pipe and on the outer 
surface temperature are to be obtained for steady one-dimensional heat transfer. 


Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its 
thickness, and there is thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There 
is no heat generation in the pipe. 


Analysis (a) Noting that heat transfer is steady and one- 
dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 

d ( dT\ „ 
dry dr J 


and - k ^pl = h i [T i -T(r l )] 
dr 


dT(r 0 ) 

-k - =h 0 [T(r 2 )-T 0 ] 
dr 



(b) Integrating the differential equation once with respect to r gives 


dT 
r — 
dr 



Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating, 
dr r 


T(r) = C X In r + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 
r = r x : -k — = ^[7) - (Cj In r x + C 2 )] 

r i 


r = r 2 : 


-k — = h a [(C, In r 2 + C 2 )~ T 0 ] 


Solving for Cj and C 2 simultaneously gives 


C, = 


T 0 ~T, 


1 * r 2 k k 

In — + + 


and C 2 =T t - C x 


In r x - 


h i r i J 


= T ; 


Tq-T, 


r 2 k 


In r. 


r i n i'\ 


hr h,j' 


In — + 


h ih J 


o' 2 


r l 'H' 1 


hr h„r 


o*2 


Substituting C x and C 2 into the general solution and simplifying, we get the variation of temperature to 
be 


In — * 


T(r) = C ] In r + Tj — C, (In q ) = 7} 4 


n h i r \ 


hj r \ 


, r 9 k k 
In — + 


>\ h i r \ h o r 2 


(c) The outer surface temperature is determined by simply replacing r in the relation above by r 2 . We get 


i r i k 

In — + 


T(r 2 ) =T i + 




In — + 


>\ >V\ Kh 
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2-129 A spherical liquid nitrogen container is subjected to specified temperature on the inner surface and 
convection on the outer surface. The mathematical formulation, the variation of temperature, and the rate of 
evaporation of nitrogen are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there 
is thermal symmetry about the midpoint. 2 Thermal conductivity is constant. 3 There is no heat generation. 
Properties The thermal conductivity of the tank is given to be k = 18 W/m°C. Also, h fg = 198 kJ/kg for 
nitrogen. 

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 


d f 0 dT^ 


dr 


dr 


= 0 


and 


T(r x ) = T x = -196°C 
-k 


dT(r 2 ) 

= h[T{r 1 )-T ao \ 


dr 





dr 

Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating, 


dT C x 


T(r) = 


C, 


+c 


dr r 1 r 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 


r=r x : 


T{r x ) - 


C, 


■f Co — 7i 


r = r 2 : 


-k^- = h 


r 


C, 


+ C, - T 


00 


V 


Solving for C x and C 2 simultaneously gives 


Ci = 


r 2 (Ti 


1 


and Co = T, + 


C, 


= ri + 


^ 1-^00 


hr- 


hr o 


Substituting C x and C 2 into the general solution, the variation of temperature is determined to be 


T(r) = 


C, 


+ T 1 + 


C, 


= c, 


G 1 A 




+T \ = 


T\ ~T X 


r \ 

r 2 r 2 


\ r i 


+r, 


hr- 


(-196-20)°C 


1 


2.1 


18 W/m-°C 


2.1 _ 2.1 

~Y ~T 


+ (-196)°C = 549.8(1.05 -2.1/ r ) -196 


2 (25 W/m 2 •°C)(2.1m) 

(c) The rate of heat transfer through the wall and the rate of evaporation of nitrogen are determined from 

Q = -kA— = -k(4m - 2 ) = -4nkC x = -4 7ik ~ T ^ 

dx r 2 k 


= -4^(1 8 W/m • °C) 


1 


(2.1 m)(-196 -20)°C 


m = 


1 


Q 26 1,200 J/s 


2.1 


1 8 W/m • °C 


hr- 


= -26 1 ,200 W (to the tank since negative) 


2 (25 W/m 2 •°C)(2.1m) 


h fg 198,000 J/kg 


= 1.32 kg/s 
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2-130 A spherical liquid oxygen container is subjected to specified temperature on the inner surface and 
convection on the outer surface. The mathematical formulation, the variation of temperature, and the rate 
of evaporation of oxygen are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there 
is thermal symmetry about the midpoint. 2 Thermal conductivity is constant. 3 There is no heat generation. 
Properties The thermal conductivity of the tank is given to be k = 18 W/m°C. Also, h ig = 213 kJ/kg for 
oxygen. 

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical 
formulation of this problem can be expressed as 


d ( 7 dT ' 


dr 


dr 


-0 


and 


T(r x ) = 7j = -183°C 
-k 


dT ( r i) / tty x r f l 

= h[T(r 2 )-TJ 


dr 

( b ) Integrating the differential equation once with respect to r gives 
2 dT 



dr 


= C 


Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating, 


dT C x 


-> T(r) = 


C, 


+ c 


dr r 2 r 

where C\ and C 2 are arbitrary constants. Applying the boundary conditions give 


r = r l : 


T{h) = 


C, 


+ C-> — T 


r = r 2 : 


-k C ± = h 
r 2 




c, 


+ 0,-71 


oo 


V 


Solving for C\ and C 2 simultaneously gives 


C, = 


r 2 (Ti 


1 


and Co = T. + 


C, 


= 7i + 


T X ~T^ 


hr- 


hr - 


Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 


T(r) = 


Cx 


Tx + 


C i 


= c, 




V'l 


+ T X = 


Tx ~T X 


r \ 

r 2 r 2 


V r l 


+ Tx 


hr- 


(-183-20)°C 


1 


2.1 


18 W/m-°C 


2.1 _ 2.1 


+ (-1 83)°C = 5 1 6.7(1 .05 - 2 . 1 / r) - 1 83 


2 (25 W/m 2 •°C)(2.1m) 

(c) The rate of heat transfer through the wall and the rate of evaporation of oxygen are determined from 

Q = -fc4 — = -k(4xr 2 ) % = -4nkC x = -4 

dx r 2 . r 0 k 


= -4/r(18 W/m- °C) 


1 


(2. 1 m)(- 1 83 - 20)°C 


1 


2.1 


18 W/m-°C 


hr- 


= -245,450 W (to the tank since negative) 


2 (25 W/m 2 •°C)(2.1m) 


Q 245,450 J/s , 

m = — = = 1.15 kg/s 


h fg 213,000 J/kg 
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2-131 A large plane wall is subjected to convection, radiation, and specified temperature on the right 
surface and no conditions on the left surface. The mathematical formulation, the variation of temperature 
in the wall, and the left surface temperature are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the wall is large relative to its 
thickness, and the thermal conditions on both sides of the wall are uniform. 2 Thermal conductivity is 
constant. 3 There is no heat generation in the wall. 

Properties The thermal conductivity and emissivity are given to be k = 8.4 W/m°C and s = 0.7. 

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the left 
surface, and the mathematical formulation of this problem can be expressed as 


d 2 T 
dx 2 


= 0 


and _ k C I+R = h[T (L) -TJ + sa[T(L) 4 - r s 4 UII ] = h[T 2 -T n ] + ea[(T 2 + 273) 4 - 7^] 
dx 


T(L) =T 2 = 45°C 

(b) Integrating the differential equation twice with respect to x yields 
d T 

dx 1 

T(x) = Cjx + C 2 

where C\ and C 2 are arbitrary constants. Applying the boundary 
conditions give 


Convection at x = L 


- kC ! = h[T 2 -T x ,] + so[(r 2 + 273) ■ 4 - r 4 „ ] 


-> Cj = -{h[T 2 - T x ] + eg[(T 2 + 273r - T s l n ] } / k 

Temperature at x = L: T(L) = C { x L + C 2 = T 2 — > C 2 = T 2 - C X L 



Substituting C\ and C 2 into the general solution, the variation of temperature is determined to be 


T(x) = C x x + (T 2 -QL) = T 2 - (L - x)Cj = T 2 + 


/z[r 2 -7'J + sa[(r 2 +273) 4 -7' s 4 urr ] 


(L-x) 


15°C 1 ( 14W/l ^-° C X 45 ~ 25 )° C + 0 - 7 ( 5 - 67><lr8w/rn2 - K4 )[( 318K ) 4 ~( 29QK ) 4 ] /o 1 v)m 
+ 8.4 W/m-°C ' X)m 

= 45 + 48.23(0.4 -x) 

(c) The temperature at x = 0 (the left surface of the wall) is 
T(0) = 45 + 48.23(0.4 - 0) = 64.3°C 
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2-132 The base plate of an iron is subjected to specified heat flux on the left surface and convection and 
radiation on the right surface. The mathematical formulation, and an expression for the outer surface 
temperature and its value are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 
There is no heat generation. 4 Heat loss through the upper part of the iron is negligible. 


Properties The thermal conductivity and emissivity are given to be k = 18 W/m°C and 8 = 0.7. 


Analysis (a) Noting that the upper part of the iron is well insulated 
and thus the entire heat generated in the resistance wires is transferred 
to the base plate, the heat flux through the inner surface is determined 
to be 


4o _ 


G< 


1000 w 


A 


base 


150xl(T 4 m 2 


= 66,667 W/m 


Taking the direction normal to the surface of the wall to be the x 
direction with x = 0 at the left surface, the mathematical formulation 
of this problem can be expressed as 


d 2 T 

dx 2 


= 0 


and - k = q 0 = 66,667 W/m 2 
dx 



- k = h[T(L) -TJ + sa[T(L ) 4 - r s 4 UII ] = h[T 2 - TJ + sg[(T 2 + 273) 4 - 7^] 
dx 

( b ) Integrating the differential equation twice with respect to x 
yields 


dT_ 

dx 



T(x) = Cjx + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 

x = 0: -kC x =q 0 -+ C, =- — 

k 

x = L: -kq = h[T 2 -TJ + sg[(T 2 + 273) 4 - r s 4 rr ] 

Eliminating the constant Cj from the two relations above gives the following expression for the outer 
surface temperature T 2 , 

h(T 2 - TJ + sg[(T 2 + 273) 4 -T s 4 rr ] = q 0 

(c) Substituting the known quantities into the implicit relation above gives 

(30 W/m 2 -°C) (T 2 -26) + 0.7(5.67 x10~ 8 W/m 2 -K 4 )[(T 2 +273) 4 -295 4 ] = 66,667 W/m 2 

Using an equation solver (or a trial and error approach), the outer surface temperature is determined from 
the relation above to be 

T 2 = 759°C 
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2-133 The base plate of an iron is subjected to specified heat flux on the left surface and convection and 
radiation on the right surface. The mathematical formulation, and an expression for the outer surface 
temperature and its value are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 
There is no heat generation. 4 Heat loss through the upper part of the iron is negligible. 


Properties The thermal conductivity and emissivity are given to be k = 18 W/m°C and 8 = 0.7. 


Analysis (a) Noting that the upper part of the iron is well insulated 
and thus the entire heat generated in the resistance wires is transferred 
to the base plate, the heat flux through the inner surface is determined 
to be 




1500 W 
150xl(T 4 m 2 


= 100,000 W/m 2 


Taking the direction normal to the surface of the wall to be the x 
direction with x = 0 at the left surface, the mathematical formulation 
of this problem can be expressed as 


d 2 T 

dx 2 


= 0 


-k^^- = q 0 =100,000 W/m 2 
dx 



dT(L) 

dx 


h[T(L)-T x ] + sa[T(L) 4 -T 4 n ] = h[T 2 -T x ] + sa[(T 2 + 273) 4 - r s 4 urr ] 


(b) Integrating the differential equation twice with respect to x 
yields 


dT_ 

dx 



T(x) = Cjx + C 2 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 

x = 0: -kC x =q 0 -> C, =- — 

k 

x = L: -kC x = h[T 2 - TJ + scj[(T 2 + 273) 4 - 7^] 

Eliminating the constant Cj from the two relations above gives the following expression for the outer 
surface temperature T 2 , 

h(T 2 - TJ + £ a[(T 2 + 273) 4 - r s 4 urr ] = q 0 

(c) Substituting the known quantities into the implicit relation above gives 

(30 W/m 2 ■ °C)(T 2 - 26 ) + 0 . 7 ( 5 . 67 x 10~ 8 W/m 2 ■K 4 )[(7’ 2 +273) 4 -295 4 ] = 100,000 W/m 2 

Using an equation solver (or a trial and error approach), the outer surface temperature is determined from 
the relation above to be 

T 2 = 896°C 
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2-134E The concrete slab roof of a house is subjected to specified temperature at the bottom surface and 
convection and radiation at the top surface. The temperature of the top surface of the roof and the rate of 
heat transfer are to be determined when steady operating conditions are reached. 

Assumptions 1 Steady operating conditions are reached. 2 Heat transfer is one-dimensional since the roof 
area is large relative to its thickness, and the thermal conditions on both sides of the roof are uniform. 3 
Thermal properties are constant. 4 There is no heat generation in the wall. 

Properties The thermal conductivity and emissivity are given to be k= l.l Btu/hft°F and s = 0.8. 

Analysis In steady operation, heat conduction through the roof must be equal to net heat transfer from the 
outer surface. Therefore, taking the outer surface temperature of the roof to be T 2 (in °F), 


M F-Tl. = hA(Ti _ T x ) + M a[( r 2 + 460) ' 4 - r s 4 ky ] 

Canceling the area A and substituting the known quantities, 

(1 . 1 Btu/h ■ ft • °F) (62 ~ Tl F = (3 .2 Btu/h ■ ft 2 -“FXr, -50)°F 

0.8 ft 2 

+ 0.8(0.1714xl(T 8 Btu/h • ft 2 -R 4 )[(r 2 +460) 4 -310 4 ]R 4 



Using an equation solver (or the trial and error method), the outer surface temperature is determined to be 
T 2 = 38°F 

Then the rate of heat transfer through the roof becomes 

Q = kA Zl— = n q Btu /h • ft • °F)(25 x 35 ft 2 ) ^ 62 ~ 38 ) F . = 28,875 Btu/h 
L 0.8 ft 

Discussion The positive sign indicates that the direction of heat transfer is from the inside to the outside. 
Therefore, the house is losing heat as expected. 
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2-135 The surface and interface temperatures of a resistance wire covered with a plastic layer are to be 
determined. 

Assumptions 1 Heat transfer is steady since there is no change with time. 2 Heat transfer is one- 
dimensional since this two-layer heat transfer problem possesses symmetry about the center line and 
involves no change in the axial direction, and thus T = T(r) . 3 Thermal conductivities are constant. 4 Heat 
generation in the wire is uniform. 

Properties It is given that k wire = 1 8 W/m • °C and k plastic =1.8 W/m- °C . 


Analysis Letting Tj denote the unknown interface temperature, the mathematical formulation of the heat 
transfer problem in the wire can be expressed as 

1 d f dT A 


r dr 


dr 


+ ^ = 0 


V J 


with 


T(r [ ) = T l and = 0 

dr 


Multiplying both sides of the differential 
equation by r, rearranging, and integrating give 


d ( dT ' 
r — 


dr 


\ 


dr 


gen dT 

- — r -> r 


^gen r 


dr 


k 2 


■T C\ ($) 



Applying the boundary condition at the center (r = 0) gives 


B.C. at r = 0: 


Ox 


dT( 0) 


gen 


xO + C, -> C x =0 


dr 2 k 

Dividing both sides of Eq. ( a ) by r to bring it to a readily integrable form and integrating, 


dT 


gen 


-> T(r) = 


gen 2 , n 

r +C- 


dr 2k 4 k 

Applying the other boundary condition at r = r x , 

D n . . rr ^gen 2 . n v ^ ^ , ^gen 2 

JB.L. at r — r . T > — h -h C? — ^ C 9 — T \ H r < 

1 7 4k 1 4k 

Substituting this C 2 relation into Eq. ( b ) and rearranging give 


(b) 


T-wire ( r ) = T I + ~tT~ ( r l —r 2 ) 

^"^wire 


(c) 


Plastic layer The mathematical formulation of heat transfer problem in the plastic can be expressed as 


d_ 

dr 


r Jnr \ 


dr 


= 0 


with T{r x ) = Tj and - k 


Crr p^ = h[T(r 1 )-T,J 

dr 


The solution of the differential equation is determined by integration to be 

r — = C l -> — = — T(r) = C 1 In r + C 2 

dr dr r 

where C\ and C 2 are arbitrary constants. Applying the boundary conditions give 
r = r\\ C l \nr l +C 1 =T I — > C 2 =T 1 -C l \nr l 
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r = r 2 \ 


-k — = h[(C x In r, + C 2 ) -7^] -> C, = °° \ 

r 2 ln^ + — 

r l ^ 


Substituting Q and C 2 into the general solution, the variation of temperature in plastic is determined to be 


^plastic (r) = Cj In r + T, -C, In r x = T, + 


T : ~ T ' In — 

^ plastic G 


We have already utilized the first interface condition by setting the wire and plastic layer temperatures 
equal to Tj at the interface r = r x . The interface temperature T l is determined from the second interface 

condition that the heat flux in the wire and the plastic layer at r = r x must be the same: 


, ^^wire (*1 ) _ t 
^ wire ^ — Aplastic 


^^plastic 0 1 ) ^gen ^1 . 

— » = -k 

dr 2 


plastic 


T a o -T, i 

^ ^2 ^ plastic 


Solving for 77 and substituting the given values, the interface temperature is determined to be 


T -‘t k 


e gen^l 


plastic 


^2 _j_ Aplastic 


(1.5xl0 6 W/m 3 )(0.QQ3 m) 2 
2(1.8 W/m -°C) 


, 0.007 m 
In + 


1.8 W/m- °C 


0.003 m (14 W/m 2 • °C)(0.007 m) 


+ 25°C = 97.1°C 


Knowing the interface temperature, the temperature at the center line (r = 0) is obtained by substituting the 
known quantities into Eq. (c), 


r wire (0) = 7) + = 97.1°C + l 1 - 5 x 1° 6 W/m 3 )(0.003 m) 2 = ^ 

wire 1 4 k wire 4x(18 W/m-°C) 


Thus the temperature of the centerline will be slightly above the interface temperature. 
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2-136 A cylindrical shell with variable conductivity is 
subjected to specified temperatures on both sides. The rate of 
heat transfer through the shell is to be determined. 

Assumptions 1 Heat transfer is given to be steady and one- 
dimensional. 2 Thermal conductivity varies quadratically. 3 
There is no heat generation. 

Properties The thermal conductivity is given to be 
k(T) = k 0 (l + /3T 2 ) . 

Analysis When the variation of thermal conductivity with 
temperature k(T) is known, the average value of the thermal 
conductivity in the temperature range between T x and T 2 is 

determined from 



f 

T 

' k(T)dT \ 2 kJ\+BT 2 )dT k o 

r A A 

o 

(7 2 - 

7'i) + 4( 7 '2 -7f) 

J7i 

_ JT X 


V J J 

= 1 

_ 

3 

T 2~ T l T 2 ~T\ 


T 2 ~ T \ 



T 2 -T\ 

k 0 

i+f( ri+r^+T 2 ) 







This relation is based on the requirement that the rate of heat transfer through a medium with constant 
average thermal conductivity & avg equals the rate of heat transfer through the same medium with variable 

conductivity k(T). 

Then the rate of heat conduction through the cylindrical shell can be determined from Eq. 2-77 to be 


^cylinder 


= 2 ^avg L 


Ti~T 2 
ln(r 2 / r x ) 


— 2/zk 0 



+T X T 2 +T{ 



Tx~T 2 

ln(r 2 !r x ) 


Discussion We would obtain the same result if we substituted the given k(T) relation into the second part 
of Eq. 2-77, and performed the indicated integration. 


2-137 Heat is generated uniformly in a cylindrical uranium fuel rod. The temperature difference between 
the center and the surface of the fuel rod is to be determined. 


Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no change in the axial 
direction. 3 Thermal conductivity is constant. 4 Heat generation is uniform. 


Properties The thermal conductivity of uranium at room temperature is k = 27.6 W/m°C (Table A-3). 


Analysis The temperature difference between the center 
and the surface of the fuel rods is determined from 


ggen r o (4xlQ 7 W/m 3 )(0.016m) 2 
4k ~ 4(27.6 W/m.°C) 
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2-138 A large plane wall is subjected to convection on the inner and outer surfaces. The mathematical 
formulation, the variation of temperature, and the temperatures at the inner and outer surfaces to be 
determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 
There is no heat generation. 

Properties The thermal conductivity is given to be k = 0.77 W/m°C. 

Analysis ( a ) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the 
inner surface, the mathematical formulation of this problem can be expressed as 



T(x) = Cjx-i- C 2 

where C \ and C 2 are arbitrary constants. Applying the boundary conditions give 
x = 0: h x [T^ - (Cj x 0 + C 2 )] = -kC x 

x — L\ — kC\ = h 2 \_{CyL -(- C 2 ) — T ^2 ] 

Substituting the given values, these equations can be written as 
5(27 -C 2 ) = -0.77(7! 

-0.77 Cj =(12X0.2(7! +C 2 -8) 

Solving these equations simultaneously give 
Ci =-45.45 C 2 = 20 

Substituting Q and C 2 into the general solution, the variation of temperature is determined to be 
T(x) = 20-45.45x 

(c) The temperatures at the inner and outer surfaces are 
T(0) = 20-45.45x0 = 20°C 
T(L) = 20 - 45.45 x 0.2 = 10.9°C 
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2-139 A hollow pipe is subjected to specified temperatures at the inner and outer surfaces. There is also 
heat generation in the pipe. The variation of temperature in the pipe and the center surface temperature of 
the pipe are to be determined for steady one-dimensional heat transfer. 

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its 
thickness, and there is thermal symmetry about the centerline. 2 Thermal conductivity is constant. 
Properties The thermal conductivity is given to be k = 14 W/m°C. 

Analysis The rate of heat generation is determined from 

• W * 25 ' 000W = 26,750 W/m 2 


^gen 


V 


k(D 2 2 -D x 2 )L/ 4 n 


(0.4m) 2 -(0.3m) 2 }l7m)/4 


Noting that heat transfer is one-dimensional in the radial r direction, the mathematical formulation of this 
problem can be expressed as 


1 d 


r dr 


dT 

dr 


gen 


= 0 


and 


T(r x ) = 7j = 60°C 
T(r 2 ) = T 2 = 80°C 

Rearranging the differential equation 


d f dT 
— r 
dr y 


dr 


—P r 

c gen ' 


= 0 


and then integrating once with respect to r, 

.2 

-+c, 


dT 


— e r 

° gen' 



dr 2k 
Rearranging the differential equation again 

dT ^gen^ C x 

dr 2k r 

and finally integrating again with respect to r, we obtain 

r(r) = I ^r“ + Cl lnr + C2 

4k 

where Cj and C 2 are arbitrary constants. Applying the boundary conditions give 

2 


r\. 


r = r 2 : 


T(r l ) = 


~ g gen r l 

4k 


T(r 2 ) = 


- e 


gen r 2 


4k 


C x In r x + C 


C ] In r 2 +C 2 


Substituting the given values, these equations can be written as 


60 = 


80 = 


-(26, 750)(0.15)- 
4(14) 

— (26,750)(0.20) 
4(14) 


+ C, ln(0.15) + C 2 


+ C, ln(0.20) + C 2 


Solving for C 1 and C 2 simultaneously gives 
Cj =98.58 C 2 =257.8 

Substituting C l and C 2 into the general solution, the variation of temperature is determined to be 


T(r) = 


-26,750/- 

404) 


98.58 In r + 257.8 = 257.8 - 477.7r 2 + 98.58 In r 


The temperature at the center surface of the pipe is determined by setting radius r to be 17.5 cm, which is 
the average of the inner radius and outer radius. 

T(r) = 257.8 - 477.7(0. 175) 2 + 98.58 ln(0. 175) = 71.3°C 
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2-140 Heat is generated in a plane wall. Heat is supplied from one side which is insulated while the other 
side is subjected to convection with water. The convection coefficient, the variation of temperature in the 
wall, and the location and the value of the maximum temperature in the wall are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since the wall is large relative to its thickness. 3 Thermal conductivity is constant. 4 
Heat generation is uniform. 


Analysis (a) Noting that the heat flux and the heat 
generated will be transferred to the water, the heat 
transfer coefficient is determined from the Newton’s 
law of cooling to be 

, Vs+C gen^ 

h = 

T -T 

(16,000 W/m 2 ) + (10 5 W/m 3 )(0.04m) 2 

= - — — = 400 W/rrr 

(90-40)°C 

( b ) The variation of temperature in the wall is in the 
form of T{x ) = ax 2 +bx+c. First, the coefficient a is 
determined as follows 


k 


d 2 T 

dx 2 



= 0 


-> 


. d 2 T 

k 2~ 

dT 2 



k 


dT 

dx 


— Jt + Z? 
k 


and 


T = 


^ x 2 +bx + c 
2k 


a = 


e 

gen 

2k 


10 5 W/m 3 
2(20 W/m - °C) 


= -2500°C/m 2 


-> 


Applying the first boundary condition: 

x = 0, r(0) = T s -> c = T s = 90°C 

As the second boundary condition, we can use either 

r 1 r \ 


- k 


dT 


dx 


= -q s -> k 


x=L 


e gen L 


4- b 


-q s ^> b-—(q s +e gen L) 


— (l 6000 + 1 0 5 x 0.04 )= 1 000°C/m 
20 


or 


, dT 
k — 
dx 


x=0 


-h(T s -T 0 0 ) 


k(ax0+b) = h(T s -T„) b = (90 - 40) = 1000°C/m 

20 

Substituting the coefficients, the variation of temperature becomes 
T(x) = -2500x 2 +1000x + 90 


(c) The x-coordinate of T max is x vcrtcx = -b/(2a) = 1000/(2x2500) = 0.2 m = 20 cm. This is outside of the wall 
boundary, to the left, so T max is at the left surface of the wall. Its value is determined to be 

r max = T(L) = -2500L 2 +1000L + 90 = -2500(0.04) 2 + 1000(0.04) + 90 = 126°C 

The direction of q s (L) (in the negative x direction) indicates that at x-L the temperature increases in the 
positive x direction. If a is negative, the T plot is like in Fig. 1, which shows T max at x=L. If a is positive, 
the T plot could only be like in Fig. 2, which is incompatible with the direction of heat transfer at the 
surface in contact with the water. So, temperature distribution can only be like in Fig. 1, where T max is at 
x-L , and this was determined without using numerical values for a , b , or c. 
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This part could also be answered to without any information about the nature of the T(x) function, using 
qualitative arguments only. At steady state, heat cannot go from right to left at any location. There is no 
way out through the left surface because of the adiabatic insulation, so it would accumulate somewhere, 
contradicting the steady state assumption. Therefore, the temperature must continually decrease from left to 
right, and T max is at x = L. 
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2-141 Heat is generated in a plane wall. The temperature distribution in the wall is given. The surface 
temperature, the heat generation rate, the surface heat fluxes, and the relationship between these heat 
fluxes, the heat generation rate, and the geometry of the wall are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since the wall is large relative to its thickness. 3 Thermal conductivity is constant. 4 
Heat generation is uniform. 

Analysis (a) The variation of temperature is symmetric about x = 0. The surface temperature is 
T s =T(L)=T(-L) = a-bL 2 = 80°C-(2x 10 4o C/m 2 )(0.02 m) 2 =72°C 
The plot of temperatures across the wall thickness is given below. 




(b) The volumetric rate of heat generation is 

1 2 rri 

k — - + e gen =0 ^ gen = —k(—2b) = 2(5 W/m • °C)(2xl0 4 °C/m 2 ) = 2 xIO 5 W/m 3 

dx z 

(c) The heat fluxes at the two surfaces are 


q s ( L ) = ~ k 


dT 


dx 


= -k(-2bL) = 2(5 W/m - °C)(2x 10 4o C/m~)(0.02 m) = 4000 W/m 


L 


q s (~L) = -k 


dT 


dx 


= -k[(-2b(-L)] = -2(5 W/m-°C)(2x 10 4o C/m 2 )(0.02 m) = -4000 W/m 


L 


(d) The relationship between these fluxes, the heat generation rate and the geometry of the wall is 


[q s {L) + q s {-L)\A = e gea V 
k (L) + q s (~L)}VH = e gen (2 LWH) 
q s (L) + q s (~L) = 2e gen L 


Discussion Note that in this relation the absolute values of heat fluxes should be used. Substituting 
numerical values gives 8000 W/m on both sides of the equation, and thus verifying the relationship. 
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2-142 Steady one-dimensional heat conduction takes place in a long slab. It is to be shown that the heat 


r * 


flux in steady operation is given by q = — In 


T + 77 


♦ 

t +r 


. Also, the heat flux is to be calculated for a given 


w J 


set of parameters. 

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional since the wall is large relative to 
its thickness. 

Analysis The derivation is given as follows 


q = —k 


dT 


-k 


dT 


or 




T dT 


dx (T* + T) dx 
. w 


q 


t t +r 

T 


1 


dx 


ln(T +T) 
In 


q 


T 0 

f * \ 

T+T 

w 


(W- 0) 


t +r, 


. w 

~ ~q 


0 J 


q = 


w 


In 


f * 

T +Tc 


T +r 


w J 


The heat flux for the given values is 


q = 


W 


In 


f T +T 0 

7 x 10 4 W/m, 

— 1 n 

"(1000-600)K" 

* 

+ 

— ill 

0.2 m 

[(1000-400)K J 


= -1.42x10 5 W/m 2 


2-143 A spherical ball in which heat is generated uniformly is exposed to iced-water. The temperatures at 
the center and at the surface of the ball are to be determined. 


Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional., and there is thermal symmetry about the center point. 3 Thermal conductivity is 
constant. 4 Heat generation is uniform. 


Properties The thermal conductivity is given to be k = 45 W/m-°C. 

Analysis The temperatures at the center and at the surface of the ball are 
determined directly from 

(2.6xl0 6 W/m 3 )(0.12m) 


T, =T„ + e ^ r ° =Q°C + 


oo 


3 h 


T 0 = T S + e ^ r ° - 86.7°C 


6k 


3(1200 W/m 2 . °C) 

(2.6xl0 6 W/m 3 )(0.12m) 2 
6(45 W/m.°C) 


= 86.7°C 


= 225°C 



h 

Too 
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Fundamentals of Engineering (FE) Exam Problems 


2-144 The heat conduction equation in a medium is given in its simplest form as 


1 d 


r dr 


rk 


dT 

dr 




+ e 


gen 


= 0 


Select the wrong statement below. 

(a) the medium is of cylindrical shape. 

(b) the thermal conductivity of the medium is constant. 

(c) heat transfer through the medium is steady. 

(d) there is heat generation within the medium. 

(e) heat conduction through the medium is one-dimensional. 


Answer (b) thermal conductivity of the medium is constant 


2-145 Consider a medium in which the heat conduction equation is given in its simplest form as 


_LAf 

r 2 dry dr j 


]_dT_ 
a dt 


(a) Is heat transfer steady or transient? 

(b) Is heat transfer one-, two-, or three-dimensional? 

(c) Is there heat generation in the medium? 

( d) Is the thermal conductivity of the medium constant or variable? 

(e) Is the medium a plane wall, a cylinder, or a sphere? 

if) Is this differential equation for heat conduction linear or nonlinear? 


Answers’, (a) transient, ( b ) one-dimensional, (c) no, ( d) constant, (e) sphere, (J) linear 


2-146 An apple of radius R is losing heat steadily and uniformly from its outer surface to the ambient air at 
temperature with a convection coefficient of h , and to the surrounding surfaces at temperature T surr (all 
temperatures are absolute temperatures). Also, heat is generated within the apple uniformly at a rate of 
e gQn per unit volume. If T s denotes the outer surface temperature, the boundary condition at the outer 

surface of the apple can be expressed as 


(a) -k 


dT 


dr 


= h(T s -T x ) + ea(T s 4 - ) (b) - k 


r=R 


(c) k 


dT 


dr 


dT 


= h(T s -T x ) + ea(T* - ) (d) k 


dr 

dT 


= h{T s -T x ) + sa(T* -T^) + e 


gen 


r=R 


r-R 

(e) None of them 


dr 


4 t-, 4 s 4 tuR /3 . 


= h(T s -T^) + s<j(T; -T; urr )i 
r —R 47iR 


— e 
2 Sen 


Answer. 


, dT 
k — 
dr 


r=R 


h(T s -T x ) + sa(T? -r s 4 urr ) 


Note: Heat generation in the medium has no effect on boundary conditions. 
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2-147 A furnace of spherical shape is losing heat steadily and uniformly from its outer surface of radius R 
to the ambient air at temperature T M with a convection coefficient of h, and to the surrounding surfaces at 
temperature T surr (all temperatures are absolute temperatures). If T a denotes the outer surface temperature, 
the boundary condition at the outer surface of the furnace can be expressed as 


(a) -k 


dT 

dr 


r-R 


= h(T a -T x ) + s<j(Tq - r s 4 urr ) (b)-k^- 

dr 


- h{T a -T x )- £<j(Tq 


r-R 




, dT 
k — 
dr 


r-R 



-T x ) + £C7(T 0 4 



(< d) k 


dT 

dr 


= h(T a -T x )~ S a{T 4 - T 4 un ) 


r=R 



k(4uR 2 ) — 
dr 



TJ + £<J(T 4 



Answer (a) 


, dT 
k — 
dr 


= h(T 0 

r-R 


TJ + £a(T 0 4 



2-148 A plane wall of thickness L is subjected to convection at both surfaces with ambient temperature T^i 
and heat transfer coefficient h\ at inner surface, and corresponding T^ 2 and h 2 values at the outer surface. 
Taking the positive direction of x to be from the inner surface to the outer surface, the correct expression 
for the convection boundary condition is 


(a) k^ = hl [m-T xl )] 

dx 

(c) - k ^± = lh ^_ T ^ 

dx 

(e) None of them 


(b) k^T±=h 2 [T(L)-T x2 )\ 
dx 

(d) - k ^j£L = h2 [ Txl - Tx2) ] 

dx 


Answer (a) k^j^- = h l [T( 0)-r wl )] 
dx 


2-149 Consider steady one-dimensional heat conduction through a plane wall, a cylindrical shell, and a 
spherical shell of uniform thickness with constant thermophysical properties and no thermal energy 
generation. The geometry in which the variation of temperature in the direction of heat transfer be linear is 

(a) plane wall (b) cylindrical shell (c) spherical shell (d) all of them (e) none of them 

Answer (a) plane wall 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



2-80 


2-150 Consider a large plane wall of thickness L, thermal conductivity k , and surface area A. The left 
surface of the wall is exposed to the ambient air at T '«> with a heat transfer coefficient of h while the right 
surface is insulated. The variation of temperature in the wall for steady one-dimensional heat conduction 
with no heat generation is 


(a) T(x) 
(c) T(x) 


h(L-x) 

k 

' xh^ 

\ k > 


T 

oo 

T 

J 00 


(b) T(x) 


k 

h(x + 0.5L) 



(d) T(x) = (L-x)T ao 


(e) T(x) = 


Answer (e) T (x) = T ^ 


2-151 The variation of temperature in a plane wall is determined to be T(x)=6 5x+25 where x is in m and T 
is in °C. If the temperature at one surface is 38°C, the thickness of the wall is 

(a) 2 m (b) 0.4 m (c) 0.2 m (d)0.1m (e) 0.05 m 

Answer (c) 0.2 m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


38=65*L+25 


2-152 The variation of temperature in a plane wall is determined to be T(X)=T 10-48x where x is in m and T 
is in °C. If the thickness of the wall is 0.75 m, the temperature difference between the inner and outer 
surfaces of the wall is 

(a) 1 10°C (b) 74°C (c) 55°C (d) 36°C (e) 18°C 


Answer (d) 36°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T1=1 10 [C] 

L=0.75 
T2=1 1 0-48*L 
DELTAT=T1-T2 
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2-153 The temperatures at the inner and outer surfaces of a 15-cm-thick plane wall are measured to be 
40°C and 28°C, respectively. The expression for steady, one-dimensional variation of temperature in the 
wall is 

(a) T(x) = 28x + 40 (b) T(x) = -40x + 28 

(c) T(: c) = 40x + 28 (d) T(x) = -80x + 40 

(e) T(x) = 40* -80 


Answer (d) r(x) = -80x + 40 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T1=40 [C] 

T2=28 [C] 

L=0.15 [m] 

,, T(x)=C1x+C2" 

C2=T1 
T2=C1 *L+T1 


2-154 Heat is generated in a long 0.3-cm-diameter cylindrical electric heater at a rate of 150 W/cm 3 . The 
heat flux at the surface of the heater in steady operation is 

(a) 42.7 W/cm 2 (b) 159 W/cm 2 (c) 150 W/cm 2 (d) 10.6 W/cm 2 (e) 1 1.3 W/cm 2 
Answer (e) 11.3 W/cm" 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


"Consider a 1-cm long heater:" 

L=1 [cm] 
e=150 [W/cm A 3] 

D=0.3 [cm] 

V=pi*(D A 2/4)*L 
A=pi*D*L "[cm A 2]” 

Egen=e*V ”[W]" 

Qflux=Egen/A "[W/cm A 2]" 

“Some Wrong Solutions with Common Mistakes:” 
W1 =Egen "Ignoring area effect and using the total" 
W2=e/A "Threating g as total generation rate" 
W3=e “ignoring volume and area effects” 
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2-155 Heat is generated in a 8-cm-diameter spherical radioactive material whose thermal conductivity is 25 
W/m.°C uniformly at a rate of 15 W/cm 3 . If the surface temperature of the material is measured to be 
120°C, the center temperature of the material during steady operation is 

(a) 160°C (b) 280°C (c)212°C (d) 360°C (e) 600°C 


Answer (b) 280°C 


D=0.08 

Ts=120 

k=25 

e_gen=15E+6 
T =T s+g*( D/2) A 2/(6*k) 

“Some Wrong Solutions with Common Mistakes:” 

W1_T= e_gen*(D/2) A 2/(6*k) "Not using Ts" 

W2_T= Ts+e_gen*(D/2) A 2/(4*k) "Using the relation for cylinder" 
W3_T= Ts+e_gen*(D/2) A 2/(2*k) "Using the relation for slab" 


2-156 Heat is generated in a 3-cm-diameter spherical radioactive material uniformly at a rate of 15 W/cm 3 . 
Heat is dissipated to the surrounding medium at 25°C with a heat transfer coefficient of 120 W/m °C. The 
surface temperature of the material in steady operation is 

(a) 56°C (b) 84°C (c) 494°C (d) 650°C (e) 108°C 


Answer (d) 650°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

h=1 20 [W/m A 2-C] 
e=15 [W/cm A 3] 

Tinf=25 [C] 

D=3 [cm] 

V=pi*D A 3/6 "[cm A 3]" 

A=pi*D A 2/1 0000 "[m A 2]" 

Egen=e*V "[W]" 

Qgen=h*A*(Ts-Tinf) 
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2-157 Heat is generated uniformly in a 4-cm-diameter, 16-cm-long solid bar ( k = 2.4 W/m-°C). The 
temperatures at the center and at the surface of the bar are measured to be 210°C and 45°C, respectively. 
The rate of heat generation within the bar is 

(a) 240 W (b) 796 W b) 1013 W (c) 79,620 W (d)3.96xl0 6 W 


Answer (b) 796 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.04 [m] 

L=0.1 6 [m] 
k=2.4 [W/m-C] 

T0=21 0 [C] 

T_s=45 [C] 

T0-T_s=(e*(D/2) A 2)/(4*k) 

V=pi*D A 2/4*L 

E_dot_gen=e*V 

"Some Wrong Solutions with Common Mistakes" 

W1_V=pi*D*L "Using surface area equation for volume" 

W1_E_dot_gen=e*W1 4_1 

T0=(W2_e*(D/2) A 2)/(4*k) "Using center temperature instead of temperature difference" 
W2_Q_dot_gen=W2_e*V 

W3_Q_dot_gen=e "Using heat generation per unit volume instead of total heat generation as the 
result" 


2-158 A solar heat flux q s is incident on a sidewalk whose thermal conductivity is k, solar absorptivity is 

a s and convective heat transfer coefficient is h. Taking the positive x direction to be towards the sky and 
disregarding radiation exchange with the surroundings surfaces, the correct boundary condition for this 
sidewalk surface is 

(a) ~ k ~T~ = a s^s (b) -k d ^ = h(T-T x ) (c )-k^ = h(T-T x> )-a s q s 

ax ax ax 

(d) h(T - ) = a s q s (e) None of them 


Answer (c) 


, dT 
k — 
dx 


h(T -T x )—a s q s 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


2-84 


2-159 Hot water flows through a PVC ( k = 0.092 W/m-K) pipe whose inner diameter is 2 cm and outer 
diameter is 2.5 cm. The temperature of the interior surface of this pipe is 35°C and the temperature of the 
exterior surface is 20°C. The rate of heat transfer per unit of pipe length is 

(a) 22.8 W/m (b)38.9W/m (c)48.7W/m (d)63.6W/m (e) 72.6 W/m 

Answer (b) 38.9 W/m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

do=2.5 [cm] 
di=2.0 [cm] 
k=0.092 [W/m-C] 

T2=35 [C] 

T1=20 [C] 

Q=2*pi*k*(T2-T 1 )/LN(do/di) 


2-160 The thermal conductivity of a solid depends upon the solid’s temperature as k = aT + b where a and 
b are constants. The temperature in a planar layer of this solid as it conducts heat is given by 

(a ) aT + b = x+ C 2 (b) aT + b = C\X 2 + C 2 (c) aT 2 + bT= C\X + C 2 

(d) aT 2 + bT= C\x 2 + C 2 (e) None of them 

Answer (c) aT 2 + bT= C\X + C 2 


2-161 Harvested grains, like wheat, undergo a volumetric exothermic reaction while they are being stored. 
This heat generation causes these grains to spoil or even start fires if not controlled properly. Wheat ( k = 
0.5 W/m-K) is stored on the ground (effectively an adiabatic surface) in 5-m thick layers. Air at 20°C 
contacts the upper surface of this layer of wheat with h = 3 W/m -K. The temperature distribution inside 
this layer is given by 


T-T s 

T 0 ~T S 


= 1 - 


r x ^ 1 


\Lj 


where T s is the upper surface temperature, T 0 is the lower surface temperature, x is measured upwards from 
the ground, and L is the thickness of the layer. When the temperature of the upper surface is 24°C, what is 
the temperature of the wheat next to the ground? 

(a) 39°C (b) 51°C (c) 72°C (d) 84°C (e) 91°C 


Answer (d) 84°C 

k=0.5 [W/m-K] 
h=3 [W/m 2 -K] 

L=5[m] 

Ts=24 [C] 

Ta=20 [C] 

To=(h*L/(2*k))*(Ts-Ta)+Ts 
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2-162 The conduction equation boundary condition for an adiabatic surface with direction n being normal 
to the surface is 

(a) T = 0 (b) dT/dn = 0 (c) d 2 T/dn 2 = 0 (d) d 3 T/dn 3 = 0 (e) -kdT/dn = 1 

Answer (b) dT/dn = 0 


2-163 Which one of the followings is the correct expression for one-dimensional, steady-state, constant 
thermal conductivity heat conduction equation for a cylinder with heat generation? 


, x 1 3 

(a) 

r or 


rk 


ar 

dr 




+ ^gen - P c 


ar 

dt 


(b)i f 


dT 

dr 


gen 


1 dT 
a dt 


, , 1 a 
(c) 

r dr 


ar 

dr 




j _ar 

a dt 


(d) 


1 d 


r dr 


dT 

dr 




+ 


gen 


= 0 


(e) 


d_ 

dr 


dT 

dr 




= 0 


Answer (d) 


1 d 


r dr 


dT^\+ ^gen _ q 


dr 


2-164 .... 2-167 Design and Essay Problems 
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Chapter 3 

STEADY HEAT CONDUCTION 


3-1 


Steady Heat Conduction in Plane Walls 

3-1C (a) If the lateral surfaces of the rod are insulated, the heat transfer surface area of the cylindrical rod 
is the bottom or the top surface area of the rod, A s - nD / 4 . (b) If the top and the bottom surfaces of the 
rod are insulated, the heat transfer area of the rod is the lateral surface area of the rod, A = kDL . 


3-2C In steady heat conduction, the rate of heat transfer into the wall is equal to the rate of heat transfer out 
of it. Also, the temperature at any point in the wall remains constant. Therefore, the energy content of the 
wall does not change during steady heat conduction. However, the temperature along the wall and thus the 
energy content of the wall will change during transient conduction. 


3-3C The temperature distribution in a plane wall will be a straight line during steady and one dimensional 
heat transfer with constant wall thermal conductivity. 


3-4C The thermal resistance of a medium represents the resistance of that medium against heat transfer. 


3-5C The combined heat transfer coefficient represents the combined effects of radiation and convection 
heat transfers on a surface, and is defined as h com bine d = ^convection + ^radiation- It offers the convenience of 
incorporating the effects of radiation in the convection heat transfer coefficient, and to ignore radiation in 
heat transfer calculations. 


3-6C Yes. The convection resistance can be defined as the inverse of the convection heat transfer 
coefficient per unit surface area since it is defined as R conv = 1 /(M) . 


3-7C The convection and the radiation resistances at a surface are parallel since both the convection and 
radiation heat transfers occur simultaneously. 

3-8C For a surface of A at which the convection and radiation heat transfer coefficients are h conv and h rad , 
the single equivalent heat transfer coefficient is h eqv = h conv + h md when the medium and the surrounding 

surfaces are at the same temperature. Then the equivalent thermal resistance will be R /(h A) . 


3-9C The thermal resistance network associated with a five-layer composite wall involves five single-layer 
resistances connected in series. 
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3-10C Once the rate of heat transfer Q is known, the temperature drop across any layer can be determined 
by multiplying heat transfer rate by the thermal resistance across that layer, A T layer = QR layer 


3-11C The temperature of each surface in this case can be determined from 
Q ~ (Fool “ Fyj ) / Rao\-si * = Fqqj - (QR^i-si ) 

Q - (Fy2 “ ^002 ) / 2-co 2 * F ?2 = ^2 + (QR s 2-co2 ) 

where /? o0 _- is the thermal resistance between the environment go and surface i. 

3-12C Yes, it is. 

3-13C The window glass which consists of two 4 mm thick glass sheets pressed tightly against each other 
will probably have thermal contact resistance which serves as an additional thermal resistance to heat 
transfer through window, and thus the heat transfer rate will be smaller relative to the one which consists of 
a single 8 mm thick glass sheet. 


3-14C Convection heat transfer through the wall is expressed as Q = hA s (T s -T^ ) . In steady heat transfer, 

heat transfer rate to the wall and from the wall are equal. Therefore at the outer surface which has 
convection heat transfer coefficient three times that of the inner surface will experience three times smaller 
temperature drop compared to the inner surface. Therefore, at the outer surface, the temperature will be 
closer to the surrounding air temperature. 


3-15C The new design introduces the thermal resistance of the copper layer in addition to the thermal 
resistance of the aluminum which has the same value for both designs. Therefore, the new design will be a 
poorer conductor of heat. 


3-16C The blanket will introduce additional resistance to heat transfer and slow down the heat gain of the 
drink wrapped in a blanket. Therefore, the drink left on a table will warm up faster. 


3-17 The two surfaces of a wall are maintained at specified temperatures. The rate of heat loss through the 
wall is to be determined. 


Assumptions 1 Heat transfer through the wall is steady since the surface 
temperatures remain constant at the specified values. 2 Heat transfer is 
one-dimensional since any significant temperature gradients will exist 
in the direction from the indoors to the outdoors. 3 Thermal 
conductivity is constant. 

Properties The thermal conductivity is given to be k = 0.8 W/m-°C. 
Analysis The surface area of the wall and the rate of heat loss 
through the wall are 


A = (3 m) x (6 m) = 1 8 m 


Q = kA 


Ti~T 2 

L 


= (0.8 W/m-°C)(18 m ) 


2x (14-2)°C 


0.3 m 


576 W 


Wall 


14°C 


L= 0.3 m 


Q 


2°C 
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3-18 A double-pane window is considered. The rate of heat loss through the window and the temperature 
difference across the largest thermal resistance are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer coefficients are constant. 

Properties The thermal conductivities of glass and air are given to be 0.78 W/m-K and 0.025 W/m-K, 
respectively. 

Analysis (a) The rate of heat transfer through the window is determined to be 



AAT 


L P L, 


1 

— + — 4 
h i k s 


L. 


1 



(1x1.5 m 1 2 )[20-(-20)]°C 

1 0.004 m 0.005 m 0.004 m 1 

40 W/m 2 -°C 0.78 W/m-°C 0.025 W/m-°C 0.78 W/m -°C 20W/m 2 -°C 

(lxl,5m 2 )[20-(-20)]°C 21QW 

0.025 + 0.0005 1 3 + 0.2 + 0.0005 1 3 + 0.05 


( b ) Noting that the largest resistance is through the air gap, the temperature difference across the air gap is 
determined from 


A T a = QR a = Q Te- = (210 W) — = 28°C 

k a A (0.025 W/m- °C)(lx 1.5 m 2 ) 


3-19 The two surfaces of a window are maintained at specified temperatures. The rate of heat loss through 
the window and the inner surface temperature are to be determined. 

Assumptions 1 Heat transfer through the window is steady since the surface temperatures remain constant 
at the specified values. 2 Heat transfer is one-dimensional since any significant temperature gradients will 
exist in the direction from the indoors to the outdoors. 3 Thermal conductivity is constant. 4 Heat transfer 
by radiation is negligible. 

Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C. 

Analysis The area of the window and the individual resistances are 

A = (1.2m)x (2 m) = 2.4 m 2 


R=R 


1 


1 


R 


conv, 1 

L 


h\A (10 W/m 2 .°C)(2.4 m 2 ) 
0.006 m 


= 0.04167 °C/W 


glass 

R=R 


k\A (0.78 W/m.°C)(2.4m 2 ) 
1 1 


conv, 2 


h 2 A (25 W/m 2 .°C)(2.4 m 2 ) 


- 0.00321 °C/W 

= 0.01667 °C/W 


D _ n , D D 

^ total ~ *^conv, 1 ' ^ glass ' ^ conv , 2 


= 0.04167 + 0.00321 + 0.01667 = 0.06155 °CAV 
The steady rate of heat transfer through 
window glass is then 

Tm ~ 2 [24 - (-5)]°C 


Ri 


Glass 



^glass 


Q 


R. 


Q = 


R 


total 


0.06155 °CAV 


= 471 W 


^ " J VVWW\n^^ 


T 


co2 


The inner surface temperature of the window glass can be determined from 

Q = T ~ T - >T X = T^-QR convX = 24°C -(471 W)(0.04167 °C/W) = 4.4°C 


R 


conv, 1 
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Air 


3-20 A double-pane window consists of two layers of glass separated by a stagnant air space. For specified 
indoors and outdoors temperatures, the rate of heat loss through the window and the inner surface 
temperature of the window are to be determined. 

Assumptions 1 Heat transfer through the window is steady 
since the indoor and outdoor temperatures remain constant at 
the specified values. 2 Heat transfer is one-dimensional since 
any significant temperature gradients will exist in the direction 
from the indoors to the outdoors. 3 Thermal conductivities of 
the glass and air are constant. 4 Heat transfer by radiation is 
negligible. 

Properties The thermal conductivity of the glass and air are 
given to be & g i ass = 0.78 W/m-°C and k air = 0.026 W/m-°C. 

Analysis The area of the window and the 

individual resistances are R j R x 

T 

i n 


A-( 1 .2 m) x (2 m) = 2.4 m 


CO 1 


R 


YMr ^ 


R 


R , , 


n _ n 
A i — ^convA 


1 


1 


R x - R 3 - R gXass 


h x A (10 W/m 2 .°C)(2.4 m 2 ) 
Lj 0.003 m 


^2 “ Rair ~ 


k x A (0.78 W/m.°C)(2.4 m 2 ) 
L 2 0.012m 


- 0.0417 °CAV 
= 0.0016 °CAV 


Rq R-conv, 2 


k 2 A (0.026 W/m.°C)(2.4 m 2 ) 
1 1 


= 0.1923 °CAV 


= 0.0167 °CAV 


IhA (25 W/m 2 . 0 C)(2.4 m 2 ) 

Ktai = Konr, i + 2/2, +R 2 + R conv , 2 = 0.0417 + 2(0.0016) + 0. 1923 + 0.0167 
= 0.2539 °C/W 

The steady rate of heat transfer through window 
glass then becomes 

■^oo ! —T<x>2 [24- (-5)]°C 


Q = 


R 


total 


0.2539°CAV 


= 114 W 


The inner surface temperature of the window glass can be determined from 

Q = T Z [ - T ~- >T\ = T*\ -QRconvA ~ 24° C - (1 14 W)(0.0417°C/W) = 19.2°C 


R 


convA 
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3-21 A double-pane window consists of two layers of glass separated by an evacuated space. For specified 
indoors and outdoors temperatures, the rate of heat loss through the window and the inner surface 
temperature of the window are to be determined. 

Assumptions 1 Heat transfer through the window is steady since the indoor and outdoor temperatures 
remain constant at the specified values. 2 Heat transfer is one-dimensional since any significant 
temperature gradients will exist in the direction from the indoors to the outdoors. 3 Thermal conductivity of 
the glass is constant. 4 Heat transfer by radiation is negligible. 


Properties The thermal conductivity of the glass is given to be k glass = 0.78 W/m*°C. 


Analysis Heat cannot be conducted through an evacuated 
space since the thermal conductivity of vacuum is zero (no 
medium to conduct heat) and thus its thermal resistance is 
zero. Therefore, if radiation is disregarded, the heat transfer 
through the window will be zero. Then the answer of this 
problem is zero since the problem states to disregard 
radiation. 

Discussion In reality, heat will be transferred between the 
glasses by radiation. We do not know the inner surface 
temperatures of windows. In order to determine radiation 
heat resistance we assume them to be 5°C and 15°C, 
respectively, and take the emissivity to be 1. Then 
individual resistances are 

T 

A - (1 .2 m) x (2 m) = 2.4 m 2 



R, 


Ri 


R 


rad 


AVVVMFVWVAvmW\r 


R 


R, 


T 


co2 


“ Rconv, 1 


R, = R, = R 


h\A (10 W/m 2 .°C)(2.4 m 2 ) 


L, 


0.003 m 


1 3 glass 


Rmd 


k\A (0.78 W/m.°C)(2.4m 2 ) 
1 


= 0.0417 °C/W 


= 0.0016 °C/W 


£<jA(T s 2 + T surr 2 )(T S + T surr ) 


R 


1(5.67 xlO -8 W/m 2 .K 4 )(2.4 m 2 )[288 2 + 278 2 ] [288 + 278]AT 3 


R„ =R 


0.0810 °C/W 
1 


1 


= 0.0167 °C/W 


total 


com ’’ 2 h 2 A (25 W/m 2 .°C)(2.4m 2 ) 

= R conVil +2 R x +R rad + R con v,2 = 0.0417 + 2(0.0016) + 0.0810 + 0.0167 
= 0.1426 °CAV 


The steady rate of heat transfer through window glass then becomes 





R 


total 


[24- - (-5 )]°C _ 2Q3 w 
0.1426°C/W 


The inner surface temperature of the window glass can be determined from 

Q = Txi ~ T ' >7, =T xl - QR com j = 24°C - (203 W)(0.0417°C/W) = 15.5°C 

Rconv,\ 

Similarly, the inner surface temperatures of the glasses are calculated to be 15.2 and -1.2°C (we had 
assumed them to be 15 and 5°C when determining the radiation resistance). We can improve the result 
obtained by reevaluating the radiation resistance and repeating the calculations. 
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3-22 EES Prob. 3-20 is reconsidered. The rate of heat transfer through the window as a function of the 
width of air space is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


3-6 


"GIVEN" 

A=1 .2*2 [m A 2] 

L_glass=3 [mm] 
k_glass=0.78 [W/m-C] 

L_air=12 [mm] 

T_jnfinity_1=24 [C] 

T_infinity_2=-5 [C] 

h 1 =10 [W/m A 2-C] 

h_2=25 [W/m A 2-C] 

"PROPERTIES" 

k_air=conductivity(Air,T=25) 

"ANALYSIS" 

R_conv_1=1/(h_1 *A) 

R_glass=(L_glass*Convert(mm, m))/(k_glass*A) 
R_air=(L_air*Convert(mm, m))/(k_air*A) 
R_conv_2=1/(h_2*A) 

R_total= R_co n v_1 +2* R_g lass+ R_ai r+ R_co n v_2 
Q_dot=(T infinity 1 -T_infinity_2)/R total 


L air [mm] 

Q [W] 

2 

307.8 

4 

228.6 

6 

181.8 

8 

150.9 

10 

129 

12 

112.6 

14 

99.93 

16 

89.82 

18 

81.57 

20 

74.7 
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3-23E The inner and outer surfaces of the walls of an electrically heated house remain at specified 
temperatures during a winter day. The amount of heat lost from the house that day and its cost are to be 
determined. 


Assumptions 1 Heat transfer through the walls is steady since the surface temperatures of the walls remain 
constant at the specified values during the time period considered. 2 Heat transfer is one-dimensional since 
any significant temperature gradients will exist in the direction from the indoors to the outdoors. 3 Thermal 
conductivity of the walls is constant. 

Properties The thermal conductivity of the brick wall is given to be k = 0.40 Btu/h-ft-°F. 

Analysis We consider heat loss through the walls only. The total heat transfer area is 

A = 2(50x9 + 35x9) = 1530 ft 2 
The rate of heat loss during the daytime is 


Wall 


Qday = M 


T{ ~ Tl = (0.40 Btu/h • ft • °F)(1530 ft 2 ) (55 _ 45) F = 6120 Btu/h 


L 


lft 


The rate of heat loss during nighttime is 


G night ^A 


T -Tn 


L 

= (0.40 Btu/h • ft • °F)(1530 ft 2 ) (55 ~ 35) _ C = 12,240 Btu/h 

lft 

The amount of heat loss from the house that night will be 

G 


Ti 


L 


Q 

t 2 


Q = 


At 


> G = QAt = 10 Q day + 14 Q night = (10 h)(6120 Btu/h) + (14 h)(12,240 Btu/h) 

= 232,560 Btu 


Then the cost of this heat loss for that day becomes 

Cost = (232,560 / 3412 kWh)($0.09 / kWh) = $6.13 


3-24 A cylindrical resistor on a circuit board dissipates 0.15 W of power steadily in a specified 
environment. The amount of heat dissipated in 24 h, the surface heat flux, and the surface temperature of 
the resistor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the 
resistor. 

Analysis (a) The amount of heat this resistor dissipates during a 24-hour period is 

Q = QAt = (0.15 W)(24h) = 3.6 Wh r 


( b ) The heat flux on the surface of the resistor is 

2 2 

A, = 2^— + ttDL _ 2 ;r(0 - 003 m) + ^(Q 003 m)(0.012m) = 0.000127 m 2 


9 = 


Q_ = 

0.000127 m : 


°' 15W = 1179 W/m 2 


(c) The surface temperature of the resistor can be determined from 

Q 0.15 W 


Q = hA s (T s -TJ 


—T + 

' x S J OO 


M, 


= 40°C + 


(9 W/m 2 -°C)(0.000127 m 2 ) 
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3-25 A power transistor dissipates 0.2 W of power steadily in a specified environment. The amount of heat 
dissipated in 24 h, the surface heat flux, and the surface temperature of the resistor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the 
transistor. 


Analysis (a) The amount of heat this transistor 
dissipates during a 24-hour period is 

Q = QAt = (0.2 W)(24h) = 4.8 Wh = 0.0048 kWh 


( b ) The heat flux on the surface of the transistor is 

= 2 — — b tiDL 
4 


= 2 7r(0 ' 005m) - +7r(0.005 m)(0.004 m) = 0.0001021 m 2 


q = 


Q _ 0.2 W 

0.0001021m 2 


= 1959 W/m 



Power 
Transistor 
0.2 W 


(c) The surface temperature of the transistor can be determined from 

Q 0.2 W 


Q = hA s (T s -T„) 


^ -^oo + 


M, 


= 30°C + 


(18 W/m 2 • °C)(0. 0001021 m 2 ) 


= 139°C 


3-26 A circuit board houses 100 chips, each dissipating 0.06 W. The surface heat flux, the surface 
temperature of the chips, and the thermal resistance between the surface of the board and the cooling 
medium are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the back surface of the board is 
negligible. 2 Heat is transferred uniformly from the entire front surface. 

Analysis (a) The heat flux on the surface of the circuit board is 
A s = (0. 12 m)(0. 18m) = 0.0216 m 2 

Q (100 x 0.06) W 


<7 = 


278 W/m 


4 0.0216 m 2 

(b) The surface temperature of the chips is 
Q = hA(T-T M ) 


T =T 

4 -*00 


Q 


= 40°C + 


(100x0.06) W 


M, 

(c) The thermal resistance is 

1 


(10 W/m 2 -°C)(0. 0216 m 2 ) 


= 67.8°C 


R 


conv 


hA. 


(10 W/m 2 •°C)(0.0216m 2 ) 


4.63°C/W 
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3-27 A person is dissipating heat at a rate of 150 W by natural convection and radiation to the surrounding 
air and surfaces. For a given deep body temperature, the outer skin temperature is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat 
transfer coefficient is constant and uniform over the entire exposed 
surface of the person. 3 The surrounding surfaces are at the same 
temperature as the indoor air temperature. 4 Heat generation 
within the 0.5 -cm thick outer layer of the tissue is negligible. 

Properties The thermal conductivity of the tissue near the skin is 
given to be k = 0.3 W/m-°C. 

Analysis The skin temperature can be determined directly from 


Q = kA 


^1 T skin 


T skin ~T\ 


L 

QL 


kA 


= 37°C 


(150 W)(0.005 m) 
(0.3 W/m- °C)(1.7 m 2 ) 


= 35.5°C 



3-28 Heat is transferred steadily to the boiling water in an aluminum pan. The inner surface temperature of 
the bottom of the pan is given. The boiling heat transfer coefficient and the outer surface temperature of the 
bottom of the pan are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional since the thickness of 
the bottom of the pan is small relative to its diameter. 3 The thermal conductivity of the pan is constant. 

Properties The thermal conductivity of the aluminum pan is given to be k = 237 W/m-°C. 

Analysis (a) The boiling heat transfer coefficient is 


*0.25 0,)- 2 

4 4 

Q = hA s (T s -T„) 

Q 800 W 


h = 


= 1254 W/m 2 . °C 


A S (T S -TJ (0.0491 m 2 )(108-95)°C 
(b) The outer surface temperature of the bottom of the pan is 





95°C 

u 

o 

00 





600 W 

0.5 cm 


Q 


T 

s, outer 


kA 


T 

s, outer 


-T 

s, inner 


T 

s,inner\ 



= 108°C + 


(800 W)(0.005 m) 

(237 W/m -°C)(0. 0491 m 2 ) 


108.3°C 
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3-29E A wall is constructed of two layers of sheetrock with fiberglass insulation in between. The thermal 
resistance of the wall and its R- value of insulation are to be determined. 


Assumptions 1 Heat transfer through the wall is one-dimensional. 2 Thermal conductivities are constant. 


Properties The thermal conductivities are given to be 
Sheetrock = 0.10 Btu/h-ft-°F and k insulation = 0.020 Btu/h-ft-°F. 

Analysis (a) The surface area of the wall is not given and thus 
we consider a unit surface area (A = 1 ft"). Then the R- value of 
insulation of the wall becomes equivalent to its thermal 
resistance, which is determined from. 


_L X 

R sheetrock ~ R \ ~ R 3 ~ “ 


0.7 /12 ft 


k x (0.10 Btu/h.ft.°F) 


= 0.583 ft 2 .°F.h/Btu 


R fiberglass R 2 




7 /12 ft 


(0.020 Btu/h.ft.°F) 


= 29.17 ft 2 .°F.h/Btu 


R 


total 


= 2 Ri +R 2 =2x0.583 + 29.17 = 30.34 ft 2 .°F.h/BtU 


( b ) Therefore, this is approximately a R - 30 wall in English units. 



R, 


R 


-wvFvw vAw 


R 
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3-30 The roof of a house with a gas furnace consists of a concrete that is losing heat to the outdoors by 
radiation and convection. The rate of heat transfer through the roof and the money lost through the roof 
that night during a 14 hour period are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 
The emissivity and thermal conductivity of the roof 
are constant. 


T k W = 100 K 


7’ ai r = IO°C 


L=15 cm 



Properties The thermal conductivity of the concrete 
is given to be k = 2 W/m-°C. The emissivity of both 
surfaces of the roof is given to be 0.9. 

Analysis When the surrounding surface temperature is different 
than the ambient temperature, the thermal resistances network 
approach becomes cumbersome in problems that involve radiation. 

Therefore, we will use a different but intuitive approach. 

In steady operation, heat transfer from the room to the 
roof (by convection and radiation) must be equal to the heat 
transfer from the roof to the surroundings (by convection and 
radiation), that must be equal to the heat transfer through the roof 
by conduction. That is, 

Q — Qroom to roof, conv+rad — Qroof, cond — Qrooi to surroundings, conv+rad 

Taking the inner and outer surface temperatures of the roof to be T s>in and T s out , respectively, the quantities 
above can be expressed as 

Groom to roof, conv+rad = h i A ( T r oom ~T + sA<j(T roo J -7’ ji „ 4 ) = (5 W/m 2 • °C)(300 HI 2 )(20 - T s in )°C 


+ (0.9)(300 m-)(5.67x 10 


W/m 2 -K 4 )[(20 + 273 K) 4 ~(T s jn +273K) 4 


G 


roof, cond 


= M TsJ " Ts '°‘" = (2 W/m • °C)(300 m 2 ) TsJn Ts '° u ' 


L 


0.15m 


Groof to surr, conv+rad = K A ( T s,out ~ T 'surr) + ^(T ' s,oJ ~ J w/) = ( 12 W^ 2 ' °C)(300 III 2 )(T S(JU , -10)°C 

+ (0.9)(300 m 2 )(5.67xl0~ 8 W/m 2 -K 4 )^ out +273 K) 4 -(100 K) 4 

Solving the equations above simultaneously gives 

Q = 37,440 W, T sin = 7.3°C, and T sout = -2.1°C 


The total amount of natural gas consumption during a 14-hour period is 

Q, otal QAt (37.440 kJ/s)(14x 3600 s) f 1 therm N 
^ gas ~ 0.80 ~ 080 ~ 080 ( 105.500 kJ y 

Finally, the money lost through the roof during that period is 
Money lost = (22.36 therms) ($1.20/ therm) = $26.8 


= 22.36 therms 
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3-31 An exposed hot surface of an industrial natural gas furnace is to be insulated to reduce the heat loss 
through that section of the wall by 90 percent. The thickness of the insulation that needs to be used is to be 
determined. Also, the length of time it will take for the insulation to pay for itself from the energy it saves 
will be determined. 

Assumptions 1 Heat transfer through the wall is steady and one-dimensional. 2 Thermal conductivities are 
constant. 3 The furnace operates continuously. 4 The given heat transfer coefficient accounts for the 
radiation effects. 


Properties The thermal conductivity of the glass wool 
insulation is given to be k = 0.038 W/m-°C. 

Analysis The rate of heat transfer without insulation is 
A = (2m)(1.5m) = 3 m 2 


Q = hA(T s -T x ) = ( 10 W/m 2 • °C)( 3 m 2 )(80 - 30)°C = 1 500 W 

In order to reduce heat loss by 90%, the new heat transfer rate and 
thermal resistance must be 


Q = 0. 10 x 1500 W = 150 W 


Q = 


AT 


R 


^ total 


AT (80 - 30)°C 


total 


Q 


150 W 


= 0.333 °C/W 



and in order to have this thermal resistance, the thickness of insulation must be 


n _ n I n 

^ total — ^conv ' ^ insulation 


hA 


1 

(10 W/m 2 ■°C)(3m 2 ) 


L = 0.034 m = 3.4 cm 


L_ 

M 

L 

(0.038 W/m.°C)(3m 2 ) 


0.333 °C/W 


Noting that heat is saved at a rate of 0.9x1500 = 1350 W and the furnace operates continuously and thus 
365x24 = 8760 h per year, and that the furnace efficiency is 78%, the amount of natural gas saved per year 
is 


Energy Saved 


Q saved At (1 .350 kJ/s)(8760 h) 

( 3600 s 'j 

' 1 therm 

Efficiency 0.78 

l lh J 

(l05,500 kJ J 


= 517.4 therms 


The money saved is 

Money saved = (Energy Saved)(Cost of energy) = (517.4 therms) ($1.1 0/therm) = $569.1 (per year) 
The insulation will pay for its cost of $250 in 

Money spent $250 

Payback period = = = 0.44 yr 

Money saved $569.1/yr 

which is equal to 5.3 months. 
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3-32 An exposed hot surface of an industrial natural gas furnace is to be insulated to reduce the heat loss 
through that section of the wall by 90 percent. The thickness of the insulation that needs to be used is to be 
determined. Also, the length of time it will take for the insulation to pay for itself from the energy it saves 
will be determined. 

Assumptions 1 Heat transfer through the wall is steady and one-dimensional. 2 Thermal conductivities are 
constant. 3 The furnace operates continuously. 4 The given heat transfer coefficients accounts for the 
radiation effects. 


Properties The thermal conductivity of the expanded perlite insulation is given to be k — 0.052 W/m-°C. 
Analysis The rate of heat transfer without insulation is 


A = (2m)(1.5m) = 3 m 2 

Q = hA(T s -r oo ) = ( 10W/m 2 • o C)(3m 2 )(80-30)°C = 1500 W 

In order to reduce heat loss by 90%, the new heat transfer rate 
and thermal resistance must be 


Q = 0.10x1500 W = 150 W 


Q = 


AT 


R 


+ R 


AT (80-30)°C 


Total 


total 


Q 


150 W 


= 0.333 °C/W 


and in order to have this thermal resistance, the thickness of 
insulation must be 



T 

J- n 


n n I n 

^ total ~ ^conv ' ^ insulation 


1 L 


hA kA 
+ 


L 


(10 W/m 2 • °C)(3 m 2 ) (0.052 W/m-°C)(3m 2 ) 


L = 0.047 m = 4.7 cm 


0.333 °CA V 


Noting that heat is saved at a rate of 0.9x1500 = 1350 W and the furnace operates continuously and thus 
365x24 = 8760 h per year, and that the furnace efficiency is 78%, the amount of natural gas saved per year 
is 


Energy Saved 


Q saved At (1.350 kJ/s)(8760h) 

f 3600 s 

' 1 therm 

Efficiency 0.78 

l lh J 

(l05,500 kJ J 


= 517.4 therms 


The money saved is 

Money saved = (Energy Saved)(Cost of energy) = (517.4 therms) ($1.1 0/therm) = $569.1 (per year) 
The insulation will pay for its cost of $250 in 

Money spent $250 

Payback period = = = 0.44 yr 

Money saved $569.1/yr 

which is equal to 5.3 months. 
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3-33 EES Prob. 3-31 is reconsidered. The effect of thermal conductivity on the required insulation 
thickness is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


3-14 


"GIVEN" 

A=2*1 .5 [m A 2] 

T_s=80 [C] 

T_infinity=30 [C] 
h=10 [W/m A 2-C] 
k_ins=0.038 [W/m-C] 
f_reduce=0.90 

"ANALYSIS" 

Q_dot_old=h*A*(T_s-TJnfinity) 

Q_dot_new=(1-f_reduce)*Q_dot_old 

Q_dot_new=(T_s-TJnfinity)/R_total 

R_total=R_conv+R_ins 

R_conv=1/(h*A) 

R_ins=(LJns*Convert(cm, m))/(k_ins*A) "LJns is in cm" 


k ins [W/m.C] 

Lins [cm] 

0.02 

1.8 

0.025 

2.25 

0.03 

2.7 

0.035 

3.15 

0.04 

3.6 

0.045 

4.05 

0.05 

4.5 

0.055 

4.95 

0.06 

5.4 

0.065 

5.85 

0.07 

6.3 

0.075 

6.75 

0.08 

7.2 



k ins [ W/m ' C ] 
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3-34E Two of the walls of a house have no windows while the other two walls have 4 windows each. The 
ratio of heat transfer through the walls with and without windows is to be determined. 

Assumptions 1 Heat transfer through the walls and the windows is steady and one-dimensional. 2 Thermal 
conductivities are constant. 3 Any direct radiation gain or loss through the windows is negligible. 4 Heat 
transfer coefficients are constant and uniform over the entire surface. 


Properties The thermal conductivity of the glass is given to be 
£ g iass = 0.45 Btu/h-ft-°F. The R-value of the wall is given to be 
19 h ft 2 o F/Btu. 

Analysis The thermal resistances through the wall without windows are 
A = (1 2 ft)(40 ft) = 480 ft 2 
1 1 


Wall 


R 


R : = 


wall 


R, = 


hi A (2 Btu/h.ft 2 • °F)(480 ft 2 ) 
L 19 h -ft 2o F/Btu 


= 0.0010417 h-°F/Btu 


kA 

1 


= 0.03958 h-°F/Btu 



Q 


480 ft 


1 


K A (4 Btu/h • ft 2 • °F)(480 ft 2 ) 


= 0.00052 h-°F/Btu 


Ri 


R wr 


wall 


R, 


^/WVWHVWV W\HA/VV\/V\r 


R 


total ,1 


~ R i + R wall + R o 


= 0.0010417 + 0.03958 + 0.00052 = 0.041 1417 h • °F/Btu 
The thermal resistances through the wall with windows are 


A 


windows 


= 4(3x5) = 60 ft 


Ri 


A wall - Afotal - A windows - 480 - 60 - 420 ft 


^glass 

^VWW\H 

^wall 


R, 


^MWWWVWrVWVWr 


R 2 R glass 


R 4 R wall 


L 

kA 


0.25 /12 ft 


(0.45 Btu/h • ft -°F)(60 ft 2 ) 


= 0.00077 16 h-°F/Btu 


L 19h-ft 2 °F/Btu 


kA 


1 


1 


1 


(420 ft 2 ) 
1 


= 0.04524 h-°F/Btu 
1 


R. 


R 


R„, 


0.0007716 0.04524 


>R eqv = 0.00076 -h°F/Btu 


- eqv * ‘ glass 1X wall 

R total, 2 = R i + R eqv + R o = 0.001047 + 0.00076 + 0.00052 = 0.002327 h • °F/Btu 
Then the ratio of the heat transfer through the walls with and without windows becomes 


Q 

Q 


total ,2 


total, l 


A T/R 


total ,2 


A T/R 


total, 1 


R 

R 


total ,1 


total, 2 


0.0411417 

0.002327 


17.7 
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3-35 Two of the walls of a house have no windows while the other two walls have single- or double-pane 
windows. The average rate of heat transfer through each wall, and the amount of money this household 
will save per heating season by converting the single pane windows to double pane windows are to be 
determined. 

Assumptions 1 Heat transfer through the window is steady since the indoor and outdoor temperatures 
remain constant at the specified values. 2 Heat transfer is one-dimensional since any significant 
temperature gradients will exist in the direction from the indoors to the outdoors. 3 Thermal conductivities 
of the glass and air are constant. 4 Heat transfer by radiation is disregarded. 

Properties The thermal conductivities are given to be k = 0.026 W/m-°C for air, and 0.78 W/m-°C for glass. 

Analysis The rate of heat transfer through each wall can be determined by applying thermal resistance 
network. The convection resistances at the inner and outer surfaces are common in all cases. 


Walls without windows: 


R ; = 


1 


Wall 


h t A (7 W/m 2 •°C)(10x4m 2 ) 


= 0.00357 1°C/W 


R 


L 


wall 


R- value 2.31m 2 -°C/W 


wall 


= 


kA 

1 


A 


(10x4m 2 ) 


= 0.05775 °C/W 


1 


= 0.001389°C/W 


h 0 A (18 W/m 2 •°C)(10x4m 2 ) 
fl total =Ri+R wan +R 0 = 0.003571 + 0.05775 + 0.001389 = 0.06271 °C/W 

(24-8)°C 


Then Q = 


Tool T co 2 



Q 


R 


total 


0.0627 1°C/W 


= 255.1 W 


Ri 


Wall with single pane windows: 

*.= 1 1 


R 


wall 


AWVWHVWV\MfAWV\^ 


R, 


R 


hi A (7 W/m 2 •°C)(20x4m 2 ) 
T wail ft “ value 


= 0.001786 °C/W 


2.31m 2 -°C/W 


wall 


kA 


A 


L 


R 


(20 x 4) - 5(1 .2 x 1 .8) m 
0.005 m 


= 0.033382 °C/W 


ft, 


glass 

1 


glass 

kA (0.78 W/m 2 - 0 C)(1.2xl.8)m 2 

1 . 1 


ftglass 

^WWW\r 

ft wall ft' 


R 


eqv 

R„ 


R 


— + 5 — 


+ 5 


wall 

1 


tf glass 0.033382 0.002968 


- 0.002968 °C/W 

-+R eqv =0.000583 °C/W 


1 


h a A (18 W/m 2 -°C)(20x4m 2 ) 


- 0.000694 °C/W 


/? total — ft,- + +ft„ = 0.001786 + 0.000583 + 0.000694 = 0.003063 °C/W 


Then 


i eqv 


<2 = 


ftool ^002 


R 


total 


(24-8)°C 

0.003063°C/W 


= 5224 W 
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4th wall with double pane windows: 


Ri 

^WWW 


-^glass -^air -^glass 

HVVV-AWV-AAM 


^wall 

AVWWV 


R 


T W aii R ~ value 


Ro 

-mMr 


2.31m 2 -°C/W 


wall 


kA 


A 


L 


R 


glass 


(20x4) -5(1.2 xl.8)m 
0.005 m 


= 0.033382 °C/W 


glass 


^a lr = 


kA (0.78 W/m 2 ■°C)(1.2xl.8)m 2 
L.„ r 0.015 m 


air 


kA (0.026 W/m 2 • ° C)(l .2 x 1 . 8)m 


= 0.002968 °CAV 
= 0.267094 °C/W 


D 

A window 


= 2 tf glass + tf air =2x 0.002968 + 0.267094 = 0.27303 °C/W 


R 


1 +5 1 


1 


+ 5 


1 


eqv 


*waii ^window 0.033382 0.27303 


■>/? eqv = 0.020717 °C/W 


R toVd[ =R, + /? eqv +R 0 = 0.001786 + 0.020717 + 0.000694 = 0.023197 °C/W 


Then Q = 


T~jo\ Tco2 


R 


total 


(24-8)°C 
0.023 197°C/W 


= 690 W 


The rate of heat transfer which will be saved if the single pane windows are converted to double pane 
windows is 


^save ^single ^double 
pane pane 


= 5224-690 = 4534 W 


The amount of energy and money saved during a 7-month long heating season by switching from single 
pane to double pane windows become 

Qsave = Qsave^t = (4-534 kW)(7 x 30 x 24 h) = 22,85 1 kWh 

Money savings = (Energy saved)(Unit cost of energy) = (22,851 kWh)($0. 08/kWh) = $1828 
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3-36 The wall of a refrigerator is constructed of fiberglass insulation sandwiched between two layers of 
sheet metal. The minimum thickness of insulation that needs to be used in the wall in order to avoid 
condensation on the outer surfaces is to be determined. 

Assumptions 1 Heat transfer through the refrigerator walls is steady since the temperatures of the food 
compartment and the kitchen air remain constant at the specified values. 2 Heat transfer is one- 
dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients account for the radiation 
effects. 


Properties The thermal conductivities are given to be k = 15.1 W/m-°C for sheet metal and 0.035 W/m-°C 
for fiberglass insulation. 

Analysis The minimum thickness of insulation can be 
determined by assuming the outer surface temperature of the 
refrigerator to be 20°C. In steady operation, the rate of heat 
transfer through the refrigerator wall is constant, and thus heat 
transfer between the room and the refrigerated space is equal to 
the heat transfer between the room and the outer surface of the 
refrigerator. Considering a unit surface area, 


Q = h 0 A(T r00m -T sout ) 

= (9 W/m 2 • °C)(1 m 2 )(25 - 20)°C = 45 W 


1 mm 

— > 


Using the thermal resistance network, heat 
transfer between the room and the refrigerated 
space can be expressed as 


insulation 


L 


1 mm 


Ri 


<2 = 


Q/A = 


T —T 

J room J refrig 


T 

JL n 


Ri 


R, 




R 


R, 


R 


total 


T —T 

room refrig 


h. 


+ 2 


' If 

V ^ J metal 


+ 




+ 


V /v / insulation 


hi 


Substituting, 


45 W/m 2 = 


(25 -3)°C 


2x0.001 m 


L 


9 W/m 2 °C 15.1 W/m 2 °C 0.035 W/m 2 -°C 4W/m 2 -°C 


Solv ing for L, the minimum thickness of insulation is determined to be 
L = 0.0045 m = 0.45 cm 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


3-19 


3-37 EES Prob. 3-36 is reconsidered. The effects of the thermal conductivities of the insulation material 
and the sheet metal on the thickness of the insulation is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

k_ins=0.035 [W/m-C] 

L_metal=0.001 [m] 
k_metal=15.1 [W/m-C] 

T_refrig=3 [C] 

T_kitchen=25 [C] 
h_i=4 [W/m A 2-C] 
h_o=9 [W/m A 2-C] 

T_s_out=20 [C] 

"ANALYSIS" 

A=1 [m A 2] “a unit surface area is considered" 

Q_dot=h_o*A*(T_kitchen-T_s_out) 

Q_dot=(T_kitchen-T_refrig)/R_total 

R_total=R_convJ+2*R_metal+R_ins+R_conv_o 

R_conv_i=1/(hJ*A) 

R_metal=L_metal/(k_metal*A) 

R_ins=(LJns*Convert(cm, m))/(k_ins*A) "LJns is in cm" 
R_conv_o=1/(h_o*A) 


k ins [W/m.C] 

L ins [cm] 

0.02 

0.2553 

0.025 

0.3191 

0.03 

0.3829 

0.035 

0.4468 

0.04 

0.5106 

0.045 

0.5744 

0.05 

0.6382 

0.055 

0.702 

0.06 

0.7659 

0.065 

0.8297 

0.07 

0.8935 

0.075 

0.9573 

0.08 

1.021 


kmeta, [W/m.Cl 

Lins [cm] 

10 

0.4465 

30.53 

0.447 

51.05 

0.4471 

71.58 

0.4471 

92.11 

0.4471 

112.6 

0.4472 

133.2 

0.4472 

153.7 

0.4472 

174.2 

0.4472 

194.7 

0.4472 

215.3 

0.4472 

235.8 

0.4472 
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ins [cm] 


256.3 

0.4472 

276.8 

0.4472 

297.4 

0.4472 

317.9 

0.4472 

338.4 

0.4472 

358.9 

0.4472 

379.5 

0.4472 

400 

0.4472 


k ins [ W/m ' C l 


0.4473 


0.4471 


0.4469 


0.4467 


0.4465 



50 100 150 200 250 300 350 400 

k meta, [ W/m ' C l 
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3-38 Heat is to be conducted along a circuit board with a copper layer on one side. The percentages of 
heat conduction along the copper and epoxy layers as well as the effective thermal conductivity of the 
board are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer is 
one-dimensional since heat transfer from the side surfaces is 
disregarded 3 Thermal conductivities are constant. 

Properties The thermal conductivities are given to be k = 386 W/m-°C 
for copper and 0.26 W/m-°C for epoxy layers. 

Analysis We take the length in the direction of heat transfer to be L 
and the width of the board to be w. Then heat conduction along this 
two-layer board can be expressed as 


Q ^copper + Qepoxy 
= [(&) copper +(kt) 


(, AT ^ 



ft 

kA 


+ 

kA 

l L J 

copper 


l L J 


epoxy 


epoxy 


]w 


AT 

L 


Heat conduction along an “equivalent” board of thickness t = t copper + 
^epoxy and thermal conductivity & e ff can be expressed as 



/ 

kA 

v 


A7^ 

k J board 


= *eff (* 


eff O copper 


+ 1 


epoxy 


)w 


AT 

L 


Copper 



Setting the two relations above equal to each other and solving for the effective conductivity gives 


^ eff (Copper Cpoxy ) (kt) copper (kt) epoxy 


* k eff ~ 


(kt) 

copper + (kt) 

epoxy 

Copper + Cpoxy 


Note that heat conduction is proportional to kt. Substituting, the fractions of heat conducted along the 
copper and epoxy layers as well as the effective thermal conductivity of the board are determined to be 


(kt) 


copper 


(kt) 

epoxy 
(V) total 


/, 


epoxy 


/, 


copper 


= (386 W/m • °C)(0.0001 m) = 0.0386 W/°C 

= (0.26 W/m • °C)(0.0012 m) = 0.0003 12 W/°C 

= (kt) copper +(kt) epoxy = 0.0386 + 0.000312 = 0.038912 W/°C 

= = 0000312 = o oog = o.8% 

(kt) to , al 0.038912 

= m copper = 0-0386 = 0 992 = 99 _ 2% 

(kt) toral 0.038912 


and 

= (386x0.0001 + 0.26x0.0012) W/°C = 2M w/m _ oc 
(0.0001 + 0.0012) m 
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3-39E A thin copper plate is sandwiched between two layers of epoxy boards. The effective thermal 
conductivity of the board along its 9 in long side and the fraction of the heat conducted through copper 
along that side are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer is one-dimensional since heat transfer from the side 
surfaces are disregarded 3 Thermal conductivities are 
constant. 


Properties The thermal conductivities are given to be k = 
223 Btu/h-ft-°F for copper and 0.15 Btu/h-ft-°F for epoxy 
layers. 

Analysis We take the length in the direction of heat transfer 
to be L and the width of the board to be w. Then heat 
conduction along this two-layer plate can be expressed as 
(we treat the two layers of epoxy as a single layer that is 
twice as thick) 


Q - Qcnnner + Q, 


copper ^ epoxy 

r at\ ( 

kA + kA 


\ 


L 


/ 


copper 


V 


AT 

L 


= [( fe ) copper +(**) 


epoxy 


Copper 



Heat conduction along an “equivalent” plate of thick ness t = Copper + Cpoxy and thermal conductivity & eff 
can be expressed as 



L 


board 


- k eff ( t 


copper 


+ t 


epoxy 


)w 


AT 

L 


Setting the two relations above equal to each other and solving for the effective conductivity gives 

(kt) 

copper + (kt) 

i 


k eff (^copper ^ epoxy ) (kt) copper + (^0 epoxy 


->k ejf - 


epoxy 


^copper + ^ epoxy 


Note that heat conduction is proportional to kt. Substituting, the fraction of heat conducted along the 
copper layer and the effective thermal conductivity of the plate are determined to be 

(kt) copper = (223 Btu/h.ft.°F)(0.03/12ft) = 0.5575 Btu/h.°F 

(fo) epoxy = 2 (°' 15 Btu/h.ft.°F)(0. 15/12 ft) = 0.00375 Btu/h.°F 

(k0 total = (kt) copper +(fa)epoxy = (0.5575 + 0.00375) = 0.56125 Btu/h.°F 


and 



(kt) copper "*■ (kt) 


epoxy 


^■copper ~ ^ epoxy 


0.56125 Btu/h.°F 
[(0.03/ 12) + 2(0. 15/ 12)] ft 


20.4 Btu/h.ft 2 .°F 


/, 


(kt) 


copper 


copper 


(kt) 


total 


0.5575 

0.56125 


= 0.993 = 99.3% 
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Thermal Contact Resistance 

3-40C The resistance that an interface offers to heat transfer per unit interface area is called thermal contact 
resistance, R c . The inverse of thermal contact resistance is called the thermal contact conductance. 


3-41 C The thermal contact resistance will be greater for rough surfaces because an interface with rough 
surfaces will contain more air gaps whose thermal conductivity is low. 


3-42C An interface acts like a very thin layer of insulation, and thus the thermal contact resistance has 
significance only for highly conducting materials like metals. Therefore, the thermal contact resistance can 
be ignored for two layers of insulation pressed against each other. 


3-43C An interface acts like a very thin layer of insulation, and thus the thermal contact resistance is 
significant for highly conducting materials like metals. Therefore, the thermal contact resistance must be 
considered for two layers of metals pressed against each other. 


3-44C Heat transfer through the voids at an interface is by conduction and radiation. Evacuating the 
interface eliminates heat transfer by conduction, and thus increases the thermal contact resistance. 


3-45C Thermal contact resistance can be minimized by (1) applying a thermally conducting liquid on the 
surfaces before they are pressed against each other, (2) by replacing the air at the interface by a better 
conducting gas such as helium or hydrogen, (3) by increasing the interface pressure, and (4) by inserting a 
soft metallic foil such as tin, silver, copper, nickel, or aluminum between the two surfaces. 


3-46 The thickness of copper plate whose thermal resistance is equal to the thermal contact resistance is to 
be determined. 

Properties The thermal conductivity of copper is k = 386 W/m-°C. 

Analysis Noting that thermal contact resistance is the inverse of thermal contact conductance, the thermal 
contact resistance is determined to be 

R c = — = = 5.556xl(T 5 m 2 .°C/W 

K 18,000 W/m 2 .°C 

For a unit surface area, the thermal resistance of a flat plate is defined as R = — where L is the thickness of 

k 

the plate and k is the thermal conductivity. Setting R = R c , the equivalent thickness is determined from the 
relation above to be 

L = kR = kR c = (386 W/m • °C)(5.556x 10~ 5 m 2 -°CA V) = 0.0214m = 2.14cm 

Therefore, the interface between the two plates offers as much resistance to heat transfer as a 2.14 cm thick 
copper. Note that the thermal contact resistance in this case is greater than the sum of the thermal 
resistances of both plates. 
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3-47 Six identical power transistors are attached on a copper plate. For a maximum case temperature of 
75 °C, the maximum power dissipation and the temperature jump at the interface are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer can be approximated as being one- 
dimensional, although it is recognized that heat conduction in some parts of the plate will be two- 
dimensional since the plate area is much larger than the base area of the transistor. But the large thermal 
conductivity of copper will minimize this effect. 3 All the heat generated at the junction is dissipated 
through the back surface of the plate since the transistors are covered by a thick plexiglass layer. 4 Thermal 
conductivities are constant. 


Properties The thermal conductivity of copper is given to be k = 386 W/m-°C. The contact conductance at 
the interface of copper-aluminum plates for the case of 1.17-1.4 pm roughness and 10 MPa pressure is h c = 
49,000 W/m 2 -°C (Table 3-2). 

Analysis The contact area between the case and the plate is given to be 9 cm , and the plate area for each 
transistor is 100 cm . The thermal resistance network of this problem consists of three resistances in series 
(contact, plate, and convection) which are determined to be 


R 


contact 


1 

K A c 


— — = 0.0227 °C/W 

(49,000 W/m 2 •°C)(9xlO -4 m 2 ) 


R 


plate 


L 

~kA 


0.012 m 


R 


(386 W/m-°C)(0.01 m z ) 
1 1 


= 0.0031 °C/W 


convection 


h„A 


(30 W/m 2 •°C)(0.01 m 2 ) 


= 3.333 °C/W 


The total thermal resistance is then 

D _ D I D , D 

^ total — ^contact 'Opiate ' ^convection 

= 0.0227 + 0.003 1 + 3.333 = 3.359 °C/W 

Note that the thermal resistance of copper plate is 
very small and can be ignored all together. Then 
the rate of heat transfer is determined to be 


Q = 


AT (75 -23)°C 


R 


total 


3.359 °C/W 


= 15.5 W 


R 


Plate 



contact 


R 


plate 


Q 


Rr 


T 


case 




T 

J- n 


Therefore, the power transistor should not be operated at power levels greater than 15.5 W if the case 
temperature is not to exceed 75 °C. 

The temperature jump at the interface is determined from 

AUace = ^contact = (15.5 W)(0.0227 °C/W) = 0.35°C 

which is not very large. Therefore, even if we eliminate the thermal contact resistance at the interface 
completely, we will lower the operating temperature of the transistor in this case by less than 1°C. 
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3-48 Two cylindrical aluminum bars with ground surfaces are pressed against each other in an insulation 
sleeve. For specified top and bottom surface temperatures, the rate of heat transfer along the cylinders and 
the temperature drop at the interface are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 

Heat transfer is one-dimensional in the axial direction Interface 

since the lateral surfaces of both cylinders are well- 
insulated. 3 Thermal conductivities are constant. 


Properties The thermal conductivity of aluminum bars 
is given to be k = 176 W/m-°C. The contact 
conductance at the interface of aluminum-aluminum 
plates for the case of ground surfaces and of 20 atm « 
2 MPa pressure is h c = 1 1,400 W/m 2 -°C (Table 3-2). 

Analysis ( a ) The thermal resistance network in this 
case consists of two conduction resistance and the 
contact resistance, and they are determined to be 

1 1 



Ri 


R 


glass 


R, 


T 1 ^WVW 


73 


R 


contact 


K Ac 


R 


plate 


L 

~kA 


(1 1,400 W/m 2 -°C)[/r(0.05 m) 2 /4] 
0.15m 


= 0.0447 °C/W 


= 0.4341 °C/W 


(176 W/m • °C)[;r(0.05 m) z /4] 

Then the rate of heat transfer is determined to be 

AT AT (150-20)°C 


Q = 


R, 


total ^contact + 2A bar (0-0447 + 2 X 0.4341) °C/W 
Therefore, the rate of heat transfer through the bars is 142.4 W. 

( b ) The temperature drop at the interface is determined to be 


- 142.4 W 


AT: 


interface 


= ^contact = (142.4 W)(0.0447 °C/W) = 6.4°C 
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3-49 A thin copper plate is sandwiched between two epoxy boards. The error involved in the total thermal 
resistance of the plate if the thermal contact conductances are ignored is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional since the plate is 
large. 3 Thermal conductivities are constant. 

Properties The thermal conductivities are given to be k = 386 W/m-°C for copper plates and k = 0.26 
W/m-°C for epoxy boards. The contact conductance at the interface of copper-epoxy layers is given to be 
h c = 6000 W/m 2 -°C. 


Analysis The thermal resistances of different 
layers for unit surface area of 1 m 2 are 


R 


R 


R 


1 


1 


contact 


plate 


epoxy 


Me 


(6000 W/m 2 • °C)( 1 m 2 ) 


= 0.00017 °C/W 


L_ 

Ta 

L 


0.001m 


(386 W/m -°C)(1 m 2 ) 
0.005 m 


= 2.6xl0~ b °C/W 


= 0.01923 °C/W 


kA (0.26 W/m • °C)( 1 m 2 ) 

The total thermal resistance is 
R^ tOtal 2 "t" R 1 nto 2 R. 


contact 


plate 1 "“epoxy 
-6 


= 2 x 0.00017 + 2.6 x 10 _u + 2 x 0.01923 = 0.03880 °C/W 

Then the percent error involved in the total thermal 
resistance of the plate if the thermal contact 
resistances are ignored is determined to be 

2 R 


R 


Copper 

plate 


Epoxy 


5 mm 

< > 


epoxy 


R 


Epoxy 


5 mm 

< > 


plate 


Q 


R 


epoxy 


% Error = 


'contact 


R 


xlOO = 


total 


2x0.00017 

0.03880 


x 100 - 0 . 88 % 


-^W\rWV-MAAHVV^ 

^contact R 


T, 


"contact 


which is negligible. 
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Generalized Thermal Resistance Networks 

3-50C Parallel resistances indicate simultaneous heat transfer (such as convection and radiation on a 
surface). Series resistances indicate sequential heat transfer (such as two homogeneous layers of a wall). 


3-5 1C The thermal resistance network approach will give adequate results for multi-dimensional heat 
transfer problems if heat transfer occurs predominantly in one direction. 


3-52C Two approaches used in development of the thermal resistance network in the x-direction for multi- 
dimensional problems are (1) to assume any plane wall normal to the x-axis to be isothermal and (2) to 
assume any plane parallel to the x-axis to be adiabatic. 


3-53 A typical section of a building wall is considered. The average heat flux through the wall is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 

Properties The thermal conductivities are given to be k 2 3 b = 50 
W/m-K, k 2 3a = 0.03 W/m-K, k n = 0.5 W/m-K, k 34 = 1.0 W/m-K. 

Analysis We consider 1 m of wall area. The thermal resistances are 
t l2 0.01m 


^12 “ 


k n (0.5 W/m - °C) 


= 0.02 m 2 • °C/W 


^23 a -*23 


U 


23a (L a + L b ) 


= (0.08 m) 

^23 b ~ * 23 T 


0.6 m 


(0.03 W/m -°C)(0.6 + 0.005) 
U 


= 2.645 m 2 -°C/W 


23b (L a + L h ) 


^34 “ 


= (0.08 m) 

* 34 


0.005 m 



4 a 


(50 W/m •°C)(0.6 + 0.005) 
0.1m 


= 1.32xl0" 5 m 2 -°C/W 


= 0.1 m 2 -°C/W 




k 34 (1.0 W/m -°C) 

The total thermal resistance and the rate of heat transfer are 


^ total + 


12 


R 23a R 23b ^ 

V R 23a +R 23 b J 


+ R 


34 



= 0.02 + 2.645 


1.32x10 


-5 


Q = 


T 4 ~T\ 


2.645 + 1.32x10 
(35 - 20)°C 


-5 


+ 0.1 = 0.120 m 2 • °C/W 


R total 0.120 m 2 -C/W 


= 125 W/m 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



3-28 


3-54 A wall consists of horizontal bricks separated by plaster layers. There are also plaster layers on each 
side of the wall, and a rigid foam on the inner side of the wall. The rate of heat transfer through the wall is 
to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the wall is one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer by radiation is 
disregarded. 

Properties The thermal conductivities are given to be k = 0.72 W/m-°C for bricks, k = 0.22 W/m-°C for 
plaster layers, and k = 0.026 W/m-°C for the rigid foam. 

Analysis We consider 1 m deep and 0.33 m high portion of wall which is representative of the entire wall. 
The thermal resistance network and individual resistances are 


R 


Ri R { 

— VAA/W- 


R 


AAA/ — 


^VW 

AW 


R< 


AA/V 




R, 


-AAA/ 


Ri 

AA/V 


T, 


co2 


r> D 

A *^conv, 1 


1 


1 


R t =R 


foam 


^2 ~ ^6 ~ R plaster 


h\A (10 W/m 2 • °C)(0.33 x 1 m 2 ) 

L 0.02 m 

kA (0.026 W/m • °C)(0.33 x 1 m 2 ) 

L 0.02 m 


R?> ~ R 5 ~ R plaster 


side *” kA (0.22 W/m • °C)(0.33 x 1 m 2 ) 

L 0.18 m 


R 4 ~ R-brick 


Rq ~ Rconv, 2 


center h 0 A (0.22 W/m • °C)(0.015 x 1 m 2 ) 
L 0.18 m 


= 0.303 °C/W 
= 2.33 °C/W 

= 0.275 °C/W 
= 54.55 °C/W 


kA (0.72 W/m • °C)(0.30 x 1 m 2 ) 

1 1 

h 2 A (20 W/m • °C)(0.33 x 1 m 2 ) 


= 0.833 °C/W 
= 0.152 °C/W 


1 


1 1 1 
— + — + — 


1 1 1 
+ + 


+ RnUd - 0.81 °C/W 


R mid R 3 R 4 R 5 54.55 0.833 54.55 

R total =R t +R X +2 R 2 + R mid +R a = 0.303 + 2.33 + 2(0.275) + 0.8 1 + 0. 152 = 4. 145 °C/W 

The steady rate of heat transfer through the wall per 0.33 m is 
Q = T ™ 1 = [( 22 ~ V 4 )]° C = 6 27 w 


R 


total 


4.145°C/W 


Then steady rate of heat transfer through the entire wall becomes 


Qiotal = (6-27 W) 


(4x6)m 
0.33 m 2 


456 W 
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3-55 EES Prob. 3-54 is reconsidered. The rate of heat transfer through the wall as a function of the 
thickness of the rigid foam is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

A=4*6 [m A 2] 

L_brick=0.18 [m] 

L_plaster_center=0.18 [m] 

L_plaster_side=0.02 [m] 

L_foam=2 [cm] 
k_brick=0.72 [W/m-C] 
k plaster=0.22 [W/m-C] 
k_foam=0.026 [W/m-C] 

T_infinity_1=22 [C] 

T_infinity_2=-4 [C] 

h 1 =10 [W/m A 2-C] 

h_2=20 [W/m A 2-C] 

"ANALYSIS" 

R_conv_1 =1/(h_1 *A_1 ) 

A_1 =0.33*1 "[m A 2]" 

R_foam=(L_foam*Convert(cm, m))/(k_foam*A_1 ) "L_foam is in cm" 
Rj>laster_side=L_plaster_side/(k_plaster*A_1) 

A_2=0.30*1 "[m A 2]" 

R__plaster_center=L_plaster_center/(k_plaster*A_3) 

A_3=0.01 5*1 "[m A 2]" 

R_brick=L_brick/(k_brick*A_2) 

R_conv_2=1/(h_2*A_1 ) 

1/R_mid=2*1/R_plaster_center+1/R_brick 

R_total=R_conv_1+R_foam+2*R_plaster_side+R_mid+R_conv_2 

Q_dot=(T infinity 1 -T infinity 2)/R total 

Q dot total =Q dot* A/A 1 



Lfoam [cm] 

Otolal [W] 

1 

634.6 

2 

456.2 

3 

356.1 

4 

292 

5 

247.4 

6 

214.7 

7 

189.6 

8 

169.8 

9 

153.7 

10 

140.4 
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3-56 A wall is to be constructed of 10-cm thick wood studs or with pairs of 5-cm thick wood studs nailed 
to each other. The rate of heat transfer through the solid stud and through a stud pair nailed to each other, 
as well as the effective conductivity of the nailed stud pair are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer can 
be approximated as being one-dimensional since it is predominantly in the v direction. 3 Thermal 
conductivities are constant. 4 The thermal contact resistance between the two layers is negligible. 4 Heat 
transfer by radiation is disregarded. 

Properties The thermal conductivities are given to be k = 0.1 1 W/m-°C for wood studs and k = 50 W/m-°C 
for manganese steel nails. 

Analysis ( a ) The heat transfer area of the stud is A = (0.1 m)(2.5 m) = 0.25 nr. The thermal resistance and 
heat transfer rate through the solid stud are 


R 


L 


0.1m 


stud 


Q = 


kA (0. 1 1 W/m • °C)(0.25 m 2 ) 
AT 8°C 


= 3.636 °C/W 


R 


stud 


3.636 °C/W 


= 2.2 W 


(b) The thermal resistances of stud pair and nails are in parallel 


Kails = 50 


tcD 


= 50 


R 


L 


7r( 0.004 m) 
4 

0.1m 


nails 


R 


kA (50 W/m • °C) (0.000628 m 2 ) 
L 0.1 m 


stud 

1 


= 0.000628 m 2 
= 3.18 °C/W 

- 3.65 °C/W 


kA (0. 1 1 W/m • °C)(0.25 - 0.000628 m 2 ) 

1 1 


1 1 
+ 


R total R stud R nails 3. 65 3.18 


> R total =1-70 °C/W 


Q = 


AT 


8°C 


R stud 1.70 °C/W 


= 4.7 W 


Stud 



(c) The effective conductivity of the nailed stud pair can be determined from 


Q-keffA 


AT 

~L 


■>k„ff — 


eff 


QL_ 

ATA 


(4.7 W)(0. 1 m) 
(8°C)(0.25m 2 ) 


0.235 W/m.°C 
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3-57 A wall is constructed of two layers of sheetrock spaced by 5 cm x 12 cm wood studs. The space 
between the studs is filled with fiberglass insulation. The thermal resistance of the wall and the rate of heat 
transfer through the wall are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the wall is one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients 
account for the radiation heat transfer. 


Properties The thermal conductivities are given to be k = 0.17 W/m-°C for sheetrock, k = 0.1 1 W/m-°C for 
wood studs, and k = 0.034 W/m-°C for fiberglass insulation. 

Analysis ( a ) The representative surface area is A = 1 x 0.65 = 0.65 m . The thermal resistance network and 
the individual thermal resistances are 


Ri 

^-A/W 


Ri 

A/W 


R 


rWW 

WA/V 


R 


AA/V 


r 5 

A/W 


T, 


oo2 


R 


R ; = 


1 


1 


^ A (8.3 W/m 2 • °C)(0.65 m 2 ) 

L 0.01m 


= 0.185 °C/W 


R 4 R s heetrock 


R, =R 


L 


kA (0.17 W/m-°C)(0.65m 2 ) 
0.16m 


= 0.090 °C/W 


stud 


R,=R 


kA (0.1 1 W/m - °C)(0.05 m 2 ) 
L 0.16m 


R„ = 


Jtberglass ^ ( 0>0 3 4 W / m . °C)(0.60 ffi 2 ) 

1 1 


= 29.09 1°CAV 
= 7.843 °C/W 


h a A (34 W/m 2 -° C)(0.65 m 2 ) 


= 0.045 °C/W 


1 


1 


1 


1 


r> 

^ mid 


^ R mid - 6. 178 °C/W 


R 


total 


R 2 R 3 29.091 7.843 

= Ri + R { + R mid +R 4 +R g 

= 0. 1 85 + 0.090 + 6. 1 78 + 0.090 + 0.045 = 6.588 °C/W (for a 1 m x 0.65 m section) 


q = ZkLZZk = [gOzkggg = 4.40 W 


R 


total 


6.588 °CAV 


( b ) Then steady rate of heat transfer through entire wall becomes 

(12 m)(5 m) 


Qtotal = (4.40 W) 


406 W 


0.65 m 
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3-58E A wall is to be constructed using solid bricks or identical size bricks with 9 square air holes. There 
is a 0.5 in thick sheetrock layer between two adjacent bricks on all four sides, and on both sides of the wall. 
The rates of heat transfer through the wall constructed of solid bricks and of bricks with air holes are to be 
determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the wall is one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients 
account for the radiation heat transfer. 

Properties The thermal conductivities are given to be k = 0.40 Btu/h-ft-°F for bricks, k = 0.015 Btu/h-ft-°F 

for air, and k = 0.10 Btu/h-ft-°F for sheetrock. 

• # ^ 

Analysis ( a ) The representative surface area is A - (7.5 / 12)(7.5 / 1 2) = 0.3906 ft . The thermal resistance 

network and the individual thermal resistances if the wall is constructed of solid bricks are 


R 


Ri 


AA/V 


Ri 

A/W 


i-AAA/- 
— AAA^ 
>-AAA/- 


R 


R 


R « 


-AAA- 


R 0 

AA/V 


R, = 


1 


1 


^ A (l .5 Btu/h • ft 2 • °F)(0.3906 ft 2 ) 

L 0.5 /12 ft 


^1 R 5 R plaster 


R -R -A 

•^2 ^ plaster 


kA (0. 10 Btu/h • ft • °F)(0.3906 ft 2 ) 
9/12 ft 


= 1.7068 h°F/Btu 

= 1.0667 h-°F/Btu 
= 288 h -°F/Btu 


^3 R plaster 


R 4 R brick 


kA (0. 10 Btu/h • ft • °F)[(7.5 / 12) x (0.5 / 12)]ft 2 
L 9/12 ft 


kA (0.10 Btu/h • ft - 0 F)[(7 / 12) x (0.5 / 12)]ft 2 
L 9 /12 ft 


= 308.57 h-°F/Btu 


= 


1 


kA (0.40 Btu/h • ft • °F)[(7 / 12) x (7 / 12)]ft 2 
1 = 0.64 h • °F/Btu 


= 5.51 h • °F/Btu 


h 0 A (4 Btu/h • ft 2 • °F)(0.3906 ft 2 ) 
1 1111 1 1 


1 1 

— + 


- R mld = 5.3135 h-°F/Btu 


T, 


oo2 


Rnud R 2 R 3 R 4 288 308.57 5.51 

R total =Ri +R x +R mid +R 5 +R a =1.7068 + 1.0667 + 5.3135 + 1.0667 + 0.64 = 9.7937 h-°F/Btu 

(80-30)°F 


Q = 


^ool R ao2 


R 


total 


9.7937 h-°F/Btu 


= 5.1053 Btu/h 


Then steady rate of heat transfer through entire wall becomes 

(30 ft)(l 0 ft) 


Qwtd =(5.1053 Btu/h) 


0.3906 m 


3921 Btu/h 
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(b) The thermal resistance network and the individual thermal resistances if the wall is constructed of 
bricks with air holes are 


Ri 



Rs 
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3-59 A composite wall consists of several horizontal and vertical layers. The left and right surfaces of the 
wall are maintained at uniform temperatures. The rate of heat transfer through the wall, the interface 
temperatures, and the temperature drop across the section F are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the wall is one-dimensional. 3 Thermal conductivities are constant. 4 Thermal contact resistances 
at the interfaces are disregarded. 

Properties The thermal conductivities are given to be k A = k? = 2, k B = 8, k c = 20, k D = 15, k E = 35 W/m-°C. 

Analysis ( a ) The representative surface area is A = 0. 12x1 = 0. 12m . The thermal resistance network and 
the individual thermal resistances are 


R 



Ri 

A/W 


Ti 


R 3 - R B - 


R 5 ~ R D ~ 


R e ~ r e ~ 


R 1 = R f = 


'A" 

\kAj 
\kAj 

'A" 

v kA j 

'A" 

\kAj 


0.05 m 


B (8 W/m-°C)(0.04 m 2 ) 
0.1m 


D (15 W/m-° C)(0.06 m 2 ) 

0.1m 

E (35 W/m-°C)(0.06 m 2 ) 
0.06 m 


= 0.16°C/W 


= o.n°cyw 


= 0.05 °CAV 


F (2 W/m-°C)(0.12 m 2 ) 


= 0.25 °CAV 


1 


1 1 1 

+ — + 


1 1 1 

+ + 


R mid ,l R 2 R 3 R 4 °- 16 °-°6 
1 


± R mid,i= 0.025 °C/W 


R mid, 2 


— + — 


1 1 
+ 


R 5 R 6 0.11 0.05 


> R mid , 2 =0.034°C/W 


Rtotai = R i+ R mid, 1 + Kid, 2 + R 1 = 0-04 + 0.025 + 0.034 + 0.25 = 0.349 °C/W 
Fool -7^2 (300 -100)°C 


Q = 


R 


total 


0.349 °C/W 


= 572W (for a 0.12 m x 1 m section) 


Then steady rate of heat transfer through entire wall becomes 


Qtntal = (572 W) 


(5 m)(8 m) 


= 1.91xl0 5 W 


0.12m 

(b) The total thermal resistance between left surface and the point where the sections B, D, and E meet is 
R total =Ri+ Rmid a = 0-04 + 0.025 = 0.065 °C/W 
Then the temperature at the point where the sections B, D, and E meet becomes 


Q = ^-L 


R 


+ T = T X - QR total = 300°C - (572 W)(0.065 °C/W) = 263°C 


total 


(c) The temperature drop across the section F can be determined from 

A T 1 

Q = — — » AT = QR f = (572 W)(0.25 °CAV) = 143°C 

R F 
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3-60 A composite wall consists of several horizontal and vertical layers. The left and right surfaces of the 
wall are maintained at uniform temperatures. The rate of heat transfer through the wall, the interface 
temperatures, and the temperature drop across the section F are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the wall is one-dimensional. 3 Thermal conductivities are constant. 4 Thermal contact resistances 
at the interfaces are to be considered. 

Properties The thermal conductivities of various materials used are given to be k A = k E = 2, k B = 8, k c = 20, 
k D = 15, and k E = 35 W/m-°C. 

2 

Analysis The representative surface area is A = 0. 12x1 = 0. 12m 


R 


Rx 

AA/V 


rAA/V 
AA/V 


R 


R5 

■AA/V 

AA/V 


R 


R, 


Ri R% 

■AAA/ — AAA/- 


(a) The thermal resistance network and the individual thermal resistances are 

0.01m 


-Ra - 


\kA j 


A (2 W/m-°C)(0.12 m 2 ) 


= 0.04 °CAV 


R 2 - R4 - R c - 


"A" 

\kAj 


0.05 m 


^3 ~ ^b ~ 


R 5 - R f) - 


^6 ~ Re ~ 


R 1 = R f = 


'A" 

\kAj 


f 1 \ 


c (20 W/m -°C)(0.04 m z ) 
0.05 m 


= 0.06 °CAV 


L 


B (8 W/m • °C)(0.04 m 2 ) 
0.1m 


v kA j 

"A" 

\kA j 


\kAj 


D (15 W/m-° C)(0.06 m 2 ) 

0.1m 

E (35 W/m • °C)(0.06 m 2 ) 
0.06 m 


= 0.16°C/W 


= 0.11°C/W 


= 0.05 °C/W 


= 0.25 °CAV 


R q = 


1 


0.00012 m 2 -°CAV 


0.12m 


1 


F (2 W/m-°C)(0.12m z ) 
= 0.001 °C/W 

1 1 1 


1 1 

4 


Kid, 1 ^2 ^3 ^4 0.06 0.16 0.06 
1 


+ Rmid,i= 0.025 °C/W 


Rfnid,2 


— + — 


1 1 
+ 


R s R e 0.11 0.05 


>RnUd. 2 - 0.034 °C/W 


R total + Rmid t 1 + R mid, 2 +^ 7+^8 - 0.04 + 0.025 + 0.034 + 0.25 + 0.001 

= 0.350 °C/W 


Q = 


Tvi-T *2 (300-100) o c 


0.350 °C/W 


R 


= 571W (for a 0.12 m x 1 m section) 


total 


Then steady rate of heat transfer through entire wall becomes 

Qtotai - (571 W) (5 m)(8 f = 1.90 X 10 s W 
0.12m 2 
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(, b ) The total thermal resistance between left surface and the point where the sections B, D, and E meet is 
Rtotai =Ri+ R,nid,i = 0-04 + 0.025 = 0.065 °C/W 
Then the temperature at the point where The sections B, D, and E meet becomes 

Q = TizL > y = 7 1 - QR total = 300°C - (571 W)( 0.065 °C/W) = 263°C 

R total 

(c) The temperature drop across the section F can be determined from 

A r 7" T 

Q = — >AT = QR f = (571 W)(0.25 °C/W) = 143°C 

R f 


3-61 A coat is made of 5 layers of 0.1 mm thick synthetic fabric separated by 1.5 mm thick air space. The 
rate of heat loss through the jacket is to be determined, and the result is to be compared to the heat loss 
through a jackets without the air space. Also, the equivalent thickness of a wool coat is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the jacket is one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients 
account for the radiation heat transfer. 

Properties The thermal conductivities are given to be k = 0.13 W/m-°C for synthetic fabric, k = 0.026 
W/m-°C for air, and k = 0.035 W/m-°C for wool fabric. 

Analysis The thermal resistance network and the individual thermal resistances are 


R\ Ri R3 R4 R5 ^6 Pi R& P9 R 0 

T, 1 - / \/W — ^VW — AA/V — AA/V — / WV — AA/V — 'VW — / VW — / VW / VW t, 


R fabric ~ R\ ~ ^3 “ ^5 ~ ^7 ~ R 9 ~ 


L 


0.0001m 


Rair ~ Rl ~ R4 ~ R 6 ~ R& ~ 


kA (0.13 W/m- °C)(1.25 m 2 ) 
L 0.0015 m 


= 0.0006 °C/W 


R„ = 


1 


1 


hA (25 W/m 2 - 0 C)(1.25m 2 ) 


kA (0.026 W/m • °C)(1.25 m 2 ) 


= 0.0320 °C/W 


= 0.0462 °C/W 


and 


R,o,ai ~ ^R fabric + +/?„= 5 x 0.0006 + 4 x 0.0462 + 0.0320 = 0.2198 °C/W 


(28 ~ 0)°C =127W 


R 


total 


0.2198 °C/W 


If the jacket is made of a single layer of 0.5 mm thick synthetic fabric, the rate of heat transfer would be 

(28 - 0)°C 


Q = 


Tsl ^oo2 


T s \ Rod 2 


800 W 


Rtotai 5 X R fabric + R () (5 X 0.0006 + 0.0320) °C/W 

The thickness of a wool fabric that has the same thermal resistance is determined from 

L 1 

+ **=- 

fabric 


R total ^wool R o 


kA hA 


0.2198 °C/W = 


L 


(0.035 W/m °C)(1. 25m 2 ) 


0.0320 


-» L = 0.0082 m = 8.2 mm 
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3-62 A coat is made of 5 layers of 0.1 mm thick cotton fabric separated by 1.5 mm thick air space. The rate 
of heat loss through the jacket is to be determined, and the result is to be compared to the heat loss through 
a jackets without the air space. Also, the equivalent thickness of a wool coat is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the jacket is one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients 
account for the radiation heat transfer. 

Properties The thermal conductivities are given to be k = 0.06 W/m-°C for cotton fabric, k = 0.026 W/m-°C 
for air, and k = 0.035 W/m-°C for wool fabric. 

Analysis The thermal resistance network and the individual thermal resistances are 


R\ R.2 R 3 R 4 R 5 Re Ri R& R 9 Ro 

— AA/V— AA/WWWWWWWWWWWVW^WWAA/V— t, 


Rcotton ~ R\ ~ R3 ~ R5 ~ R-j ~ Rg ~ 


L 


0.0001m 


R air - R 2 ~ R 4 ~ R 6 ~ ^8 “ 


R» = 


kA (0.06 W/m-°C)(l. 25 m 2 ) 
L 0.0015 m 


= 0.00133 °C/W 


hA (25 W/m 2 •°C)(1.25m 2 ) 


kA (0.026 W/m-° C)(1.25 m 2 ) 


= 0.0320 °CAV 


= 0.0462 °C/W 


and 


Rma, = 5R fabric + AR air + R o = 5 x 0.001 33 + 4 x 0.0462 + 0.0320 = 0.2235 °C/W 


Q= Ts1 ~ Tcc2 = (28 - Q) ° C =125 W 


R 


total 


0.2235 °CAV 


If the jacket is made of a single layer of 0.5 mm thick cotton fabric, the rate of heat transfer will be 

(28-0)°C 


Q = 


T s \ ^oo 2 


T s \ Too 2 


= 724 W 


Rtotal 5 X R fabric + R o (5 x 0.00133 + 0.0320) °C/W 

The thickness of a wool fabric for that case can be determined from 

fabric kA hA 

L 


R total ^wool Rq 


0.2235 °C/W = 


(0.035 W/m-°C)(1.25 m 2 ) 


0.0320 


> L = 0.0084 m = 8.4 mm 
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3-63 A kiln is made of 20 cm thick concrete walls and ceiling. The two ends of the kiln are made of thin 
sheet metal covered with 2-cm thick styrofoam. For specified indoor and outdoor temperatures, the rate of 
heat transfer from the kiln is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the walls and ceiling is one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer 
coefficients account for the radiation heat transfer. 5 Heat loss through the floor is negligible. 6 Thermal 
resistance of sheet metal is negligible. 

Properties The thermal conductivities are given to be k = 0.9 W/m-°C for concrete and k = 0.033 W/m-°C 
for styrofoam insulation. 

Analysis In this problem there is a question of which surface area to use. We will use the outer surface area 
for outer convection resistance, the inner surface area for inner convection resistance, and the average area 
for the conduction resistance. Or we could use the inner or the outer surface areas in the calculation of all 
thermal resistances with little loss in accuracy. For top and the two side surfaces: 


and 


Ri 


R 


concrete 


R, 


T 

ii 


~ / WW wwvwvwv^ 


T, 


out 


R ; = 


1 


1 


R 


Mi (3000 W/m 2 •°C)[(40m)(13-1.2) m] 
L 0.2 m 


= 0.0071xl0~ 4 °C/W 


concrete 


kA 


ave 


1 


R„ = 


D D D 

^ total ~ ' *'•/ ' ^ concrete 


(0.9 W/m - °C)[(40 m)(13-0.6) m] 
1 


= 4.480 x!0~ 4 °C/W 


= 0.769 xl0~ 4 °C/W 


Q 


h 0 A 0 (25 W/m 2 •°C)[(40m)(13m)] 

+ R„ = (0.0071 + 4. 480 + 0. 769)xl0~ 4 = 5.256xl0~ 4 °C/W 
[40 - (-4)]°C 


T -T 

in out 


top + sides 


R 


total 


5.256 xlO" 4 °C/W 


= 83,700 W 


Heat loss through the end surface of the kiln with styrofoam: 


and 


Ri 


R 


stvrofoam 


R, 


T 

± it 


AWVWVAWWWAWWW 


T, 


out 


R, = 


1 


1 


R 


M/ (3000 W/m 2 -°C)[(4-0.4)(5 -0.4) m 2 ] 
L 0.02 m 


= 0.201 x!0~ 4 °C/W 


styrofoam 


kA 


= 0.0332 °C/W 


ave 


R „ = 


1 


(0.033 W/m • °C)[(4 - 0.2)(5 - 0.2) m 2 ] 

1 — = 0.0020 °C/W 


h 0 A 0 (25 W/m 2 -°C)[4x5m 2 ] 


R total = R t + R styrpfoam +R 0 = 0.201 x 10- 4 + 0.0332 + 0.0020 = 0.0352 °C/W 


< 2 , 


T m ~T out [40 - (-4)]°C 


R'ota! 0.0352 °C/W 


= 1250 W 


-end surface 

Then the total rate of heat transfer from the kiln becomes 

Qtotai = Q,o P+S ides + 2 Qside = 83.700 + 2 x 1250 = 86,200 W 
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3-64 EES Prob. 3-63 is reconsidered. The effects of the thickness of the wall and the convection heat 
transfer coefficient on the outer surface of the rate of heat loss from the kiln are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


3-39 


"GIVEN" 
width=5 [m] 
height=4 [m] 
length=40 [m] 

L_wall=0.2 [m] 
k_concrete=0.9 [W/m-C] 

T_in=40 [C] 

T_out=-4 [C] 

L_sheet=0.003 [m] 

L_styrofoam=0.02 [m] 
k_styrofoam=0.033 [W/m-C] 
h_i=3000 [W/m A 2-C] 
h_o=25 [W/m A 2-C] 

"ANALYSIS" 

R_conv_i=1/(h_i*A_1 ) 

A_1=(2*height+width-6*L_wall)*length 

R_concrete=L_wall/(k_concrete*A_2) 

A_2=(2*height+width-3*L_wall)*length 
R_conv_o= 1 /(h_o*A_3) 

A_3=(2*height+width)*length 

R_total_top_sides=R_conv_i+R_concrete+R_conv_o 

Q_dot_top_sides=(T_in-T_out)/R_total_top_sides "Heat loss from top and the two side 
surfaces" 

R_conv_i_end=1/(hJ*A_4) 

A_4=(height-2*L_wall)*(width-2*L_wall) 

R_styrofoam=L_styrofoam/(k_styrofoam*A_5) 

A_5=(height-L_wall)*(width-L_wall) 

R_conv_o_end=1/(h_o*A_6) 

A_6=height*width 

R_total_end=R_conv_i_end+R_styrofoam+R_conv_o_end 
Q_dot_end=(T_in-T_out)/R_total_end "Heat loss from one end surface" 

Q_dot_total=Q_dot_top_sides+2*Q_dot_end 


Lwall [m] 

Qtotal [W] 

0.1 

151098 

0.12 

131499 

0.14 

116335 

0.16 

104251 

0.18 

94395 

0.2 

86201 

0.22 

79281 

0.24 

73359 

0.26 

68233 

0.28 

63751 

0.3 

59800 
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[Ml |Blol O [m] |E,0l i 


3-40 


h 0 [W/m\C] 

Q total [W] 

5 

54834 

10 

70939 

15 

78670 

20 

83212 

25 

86201 

30 

88318 

35 

89895 

40 

91116 

45 

92089 

50 

92882 
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3-65E The thermal resistance of an epoxy glass laminate across its thickness is to be reduced by planting 
cylindrical copper fillings throughout. The thermal resistance of the epoxy board for heat conduction across 
its thickness as a result of this modification is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the plate is one-dimensional. 3 
Thermal conductivities are constant. 


Properties The thermal conductivities are given to be k = 0.10 Btu/h-ft-°F for epoxy glass laminate and k = 
223 Btu/h-ft-°F for copper fillings. 


Analysis The thermal resistances of copper fillings and the epoxy board are in parallel. The number of 
copper fillings in the board and the area they comprise are 

A total = (6 / 12 ft)(8 / 12 ft) = 0.333 ft 2 


0.33 ft 


n 


copper 


(0.06 / 12 ft)(0.06 / 12 ft) 


= 13,333 (number of copper fillings) 


A_=nig 1 = 13, 333 ^• Q2/12ft) =0.0291ft 2 


copper 


4 

1 epoxy x 1 total ' * copper 

The thermal resistances are evaluated to be 


4 


A, = A,_, - A = 0.3333 - 0.029 1 = 0.3042 ft 


R 


copper 


R 


epoxy 


L 

kA 

L 

kA 


0.05 /12 ft 

(223 Btu/h • ft • °F)(0.029 1 ft 2 ) 

0.05 /12 ft 

(0. 10 Btu/h • ft • °F)(0.3042 ft 2 ) 


0.00064 h-°F/Btu 
= 0.137 h-°F/Btu 


^copper 

^vw 

^vw 

-/^epoxy 


Then the thermal resistance of the entire epoxy board becomes 


1 


1 


R 


board 


R 


copper 


R 


epoxy 


0.00064 0.137 


* Aboard = 0.00064 h °F/Btu 


Heat Conduction in Cylinders and Spheres 

3-66C When the diameter of cylinder is very small compared to its length, it can be treated as an infinitely 
long cylinder. Cylindrical rods can also be treated as being infinitely long when dealing with heat transfer 
at locations far from the top or bottom surfaces. However, it is not proper to use this model when finding 
temperatures near the bottom and the top of the cylinder. 


3-67C Heat transfer in this short cylinder is one-dimensional since there will be no heat transfer in the axial 
and tangential directions. 


3-68C No. In steady-operation the temperature of a solid cylinder or sphere does not change in radial 
direction (unless there is heat generation). 
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3-69 Chilled water is flowing inside a pipe. The thickness of the insulation needed to reduce the 
temperature rise of water to one-fourth of the original value is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is 
negligible. 


Properties The thermal conductivity is given to be k = 0.05 W/m-°C for insulation. 
Analysis The rate of heat transfer without the insulation is 

Q old = me p AT = (0.98 kg/s)(4180 J/kg • °C)(8 - 7)°C - 4096 W 
The total resistance in this case is r 2 

-r... 


QcAA 


4096 W = 


00 


Water 


R total 

(30-7.5)°C 



e 


Insulation 


R 


■»fl total = 0.005493°C/W 


total 


R i 


Ro 


L 
tfins 


The convection resistance on the outer surface is 


Tool 




T 


co2 



= = 0.004716 °C/W 

h 0 A 0 (9 W/m 2 -°C);r(0.05 m)(150m) 


The rest of thermal resistances are due to convection resistance on the inner surface and the resistance of 
the pipe and it is determined from 

R \ = ^ total ~ R o= 0.005493 - 0.0047 16 = 0.0007769 °C/W 

The rate of heat transfer with the insulation is 


2 new = me p AT = (0.98 kg/s)(4180 J/kg • °C)(0.25°C) = 1024 W 


The total thermal resistance with the insulation is 


Qnew 


T -T 

x CO x w 


R 


-» 1024 W = 


[30 - (7 + 7.25) / 2)]°C 


total, new 


R 


*R 


total, new 


total, new 


= 0.02234°C/W 


It is expressed by 
R 


D _i_ D _i_ D D 

total, new — '' 1 ' A o,new ' ^ ins * ' 1 


0.02234°C/W = 0.0007769 


1 In (D 2 /Dj) 


KK 


27ik-L 


ins 


In (D 2 /0.05) 


(9 W/m 2 -°C)^D 2 (150 m) 2^(0.05 W/m-°C)(150m) 


Solving this equation by trial-error or by using an equation solver such as EES, we obtain 
D 2 = 0.1265 m 

Then the required thickness of the insulation becomes 

6 ns = (D 2 - Dj ) / 2 = (0.05 - 0. 1265) / 2 = 0.0382 m = 3.8 cm 
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3-70 Steam flows in a steel pipe, which is insulated by gypsum plaster. The rate of heat transfer from the 
steam and the temperature on the outside surface of the insulation are be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is 
negligible. 

Properties ( a ) The thermal conductivities of steel and gypsum 
plaster are given to be 50 and 0.5 W/m-°C, respectively. 

Analysis The thermal resistances are 


Ri 




steel 


R 


ins 


R, 


Ti 


R ; = 


-AVWW\^^ 

i i 


T 0 



R 


Mi (800 W/m 2 • °C)^(0.06 m)(20 m) 
In (D 2 /D { ) ln(8 / 6) 


= 0.00033 16°C/W 


steel 


^ins = 


Ro = 


2 ;z£ steel L 2^(50 W/m • °C)(20 m) 

ln(Z) 3 !D 2 ) ln(16 / 8) 


2 nk^L 2^(0.5 W/m • °C)(20 m) 

1 1 


= 0.0000458°C/W 
= 0.01 1032°C/W 
— = 0.0004974°C/W 


h 0 A 0 (200 W/m 2 •°C);r(0.16m)(20m) 

The total thermal resistance and the rate of heat transfer are 

/? total =Ri +T steel + R im s +R 0 = 0.00033 16 + 0.0000458 + 0.01 1032 + 0.0004974 = 0.01 1907°C/W 

(200-10)°C 


Q = 


T -T 

* l M o 


= 15,957 W 


* total 0.011907 m 2 -CAV 

( b ) The temperature at the outer surface of the insulation is determined from 

(T -10)°C 


Q = 


T -T 

s o 

R„ 


^ 15,957 W = 


0.0004974 m 2 -°C/W 


>7 = 17.9°C 
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3-71 A spherical container filled with iced water is subjected to convection and radiation heat transfer at its 
outer surface. The rate of heat transfer and the amount of ice that melts per day are to be determined. 
Assumptions 1 Heat transfer is steady since the specified thermal conditions at the boundaries do not 
change with time. 2 Heat transfer is one-dimensional since there is thermal symmetry about the midpoint. 3 
Thermal conductivity is constant. 

Properties The thermal conductivity of steel is given to be k = 15 W/m-°C. The heat of fusion of water at 1 
atm is hy = 333.7 kJ/kg . The outer surface of the tank is black and thus its emissivity is 8=1. 

Analysis ( a ) The inner and the outer surface areas of sphere are 


A i ~ 7rD j 1 = ;r(8m) 2 = 201.06 m 2 


A = ttD 2 = ;r(8.03 m) 2 = 202.57 m 2 


We assume the outer surface temperature T 2 to be 5°C after comparing convection heat transfer coefficients 
at the inner and the outer surfaces of the tank. With this assumption, the radiation heat transfer coefficient 
can be determined from 

h md =s<j(T 2 2 +T surr 2 )(T 2 +T surr ) 


= 1(5.67x10 


W/m 2 • K 4 )[(273 + 5 K ) 2 + (273 + 25 K ) 2 ] (273 + 25 K)(273 + 5 K )] 


= 5.424 W/m-.K 

The individual thermal resistances are 


Ri 


-AA/V 


Ti 


R\ 

AAA/ — 


^rad 

-AAA/- 

■AA/V 


— T, 


oo2 


Ro 


R 


1 


1 


conv,i 


= 0.000062 °C/W 


hi A (80 W/m 2 •°C)(201.06m 2 ) 

r 2 -r 1 (4.015 -4.0) m 


n n 

' ' 1 *'• sphere 


R 


1 


Ankr x r 2 4x(l5 W/m • °C)(4.015 m)(4.0 m) 
1 


= 0.000005 °C/W 


conv,o 


R rad ~ 


h a A (10 W/m 2 • °C)(202.57 m 2 ) 
1 1 


h rad A (5.424 W/m 2 -°C)(202.57 m 2 ) 


= 0.000494 °C/W 
= 0.000910 °C/W 


1 


1 


1 


1 


R eqv Rcon V ,o R rad 0.000494 0.000910 


+ R eqv = 0.000320 °CAV 


R tota i = R conVti + R { + R eqv = 0.000062 + 0.000005 + 0.000320 = 0.000387 °C/W 

Then the steady rate of heat transfer to the iced water becomes 

(25-0)°C 


Q = 


Red Red 


R 


total 


0.000387 °C/W 


= 64,600 W 


( b ) The total amount of heat transfer during a 24-hour period and the amount of ice that will melt during 
this period are 

Q = QAt = (64.600 kJ/s)(24x 3600s) = 5.58 lxlO 6 kJ 


m ice = 


Q 5.581xl0 6 kJ 


h if 333.7 kJ/kg 


= 16,730 kg 


Check: The outer surface temperature of the tank is 

Q ~ h C onv+rad ^ o (-^col — R s ) 

0 


R s - R<x>\ 


h A 

conv+rad o 


= 25°C- 


64,600 W 


(10 + 5.424 W/m 2 • °C)(202.57 m 2 ) 


= 4.3°C 


which is very close to the assumed temperature of 5°C for the outer surface temperature used in the 
evaluation of the radiation heat transfer coefficient. Therefore, there is no need to repeat the calculations. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



3-45 


3-72 A steam pipe covered with 3-cm thick glass wool insulation is subjected to convection on its surfaces. 
The rate of heat transfer per unit length and the temperature drops across the pipe and the insulation are to 
be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no variation in the axial 
direction. 3 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is 
negligible. 

Properties The thermal conductivities are given to be k = 15 W/m-°C for steel and k = 0.038 W/m-°C for 
glass wool insulation 

Analysis The inner and the outer surface areas of the insulated pipe per unit 
length are 

A ; = 7rD i L = /r(0.05 m)(l m) = 0. 157 m 2 
A 0 = ttD 0 L = ^-(0.055 + 0.06 m)(l m) = 0.361 m 2 
The individual thermal resistances are 


Ri Ri Ri Ro 

T -‘ r -= 



R : = 


1 


1 


Mi (80 W/m 2 -°C)(0.157 m 2 ) 

ln(r 2 / r { ) ln(2.75/2.5) 


^1 R pipe 


n _ d 

~ insulation 


R 0 = 


2 nk x L 2tt( 15 W/m • °C)(1 m) 

ln(r 3 / r 2 ) ln(5.75 / 2.75) 


2;jk 2 L 2^(0.038 W/m • °C)(1 m) 
1 


- 0.08 °C/W 

= 0.00101 °c/w 

— - 3.089 °C/W 


K A o 


(15 W/m 2 • °C)(0.361 m 2 ) 


= 0.1847 °C/W 


R total =R i +R { +R 2 +R 0 = 0.08 + 0.00101 + 3.089 + 0.1847 = 3.355 °C/W 

Then the steady rate of heat loss from the steam per m. pipe length becomes 

(320-5)°C 


Q = 


Reel ^oo2 


R 


total 


3.355 °C/W 


= 93.9 W 


The temperature drops across the pipe and the insulation are 

A T pipe = QR pipe = (93.9 W)(0.00101 °CA¥) = 0.095°C 
^T insulation = QR insulation = (93.9 W)(3. 089 °CAV) = 290°C 
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3-73 EES Prob. 3-72 is reconsidered. The effect of the thickness of the insulation on the rate of heat loss 
from the steam and the temperature drop across the insulation layer are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_infinity_1 =320 [C]; T_infinity_2=5 [C] 
k_steel=15 [W/m-C] 

D_i=0.05 [m]; D_o=0.055 [m] 
r_1=D_i/2; r_2=D_o/2 
t_ins=3 [cm] 
k_ins=0.038 [W/m-C] 
h_o=1 5 [W/m A 2-C] 
h_i=80 [W/m A 2-C] 

L=1 [m] 

"ANALYSIS" 

A_i=pi*D_i*L 

A_o=pi*(D_o+2*tJns*Convert(cm, m))*L 
R_conv_i=1/(h_i*A_i) 

R_pipe=ln(r_2/r_1 )/(2*pi*k_steel*L) 
RJns=ln(r_3/r_2)/(2*pi*k_ins*L) 
r_3=r_2+t_ins*Convert(cm, m) "tjns is in cm" 
R_conv_o=1 /(h_o*A_o) 
R_total=R_conv_i+R_pipe+RJns+R_conv_o 
Q_dot=(T_infinity_1 -T_infinity_2)/R total 
DELTAT_pipe=Q_dot*R_pipe 
DELTAT ins=Q dot*R ins 


Tjns [cm] 

Q [W] 

AT ins [C] 

1 

189.5 

246.1 

2 

121.5 

278.1 

3 

93.91 

290.1 

4 

78.78 

296.3 

5 

69.13 

300 

6 

62.38 

302.4 

7 

57.37 

304.1 

8 

53.49 

305.4 

9 

50.37 

306.4 

10 

47.81 

307.2 




PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


3-47 


3-74 A 50-m long section of a steam pipe passes through an open space at 15°C. The rate of heat loss from 
the steam pipe, the annual cost of this heat loss, and the thickness of fiberglass insulation needed to save 90 
percent of the heat lost are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no variation in the axial 
direction. 3 Thermal conductivity is constant. 4 The thermal contact resistance at the interface is 
negligible. 5 The pipe temperature remains constant at about 150°C with or without insulation. 6 The 
combined heat transfer coefficient on the outer surface remains constant even after the pipe is insulated. 

Properties The thermal conductivity of fiberglass insulation is given to be k = 0.035 W/m*°C. 

Analysis ( a ) The rate of heat loss from the steam pipe is 

A a = xDL = 7r(0. 1 m)(50 m) = 1 5.7 1 m 2 

Qbare = MT ~T air ) = (20 W/m 2 • °C)(15.71 m 2 )(150 -15)°C = 42,412 W 
( b ) The amount of heat loss per year is 

Q = QAt = (42.412 kJ/s)(365x 24x3600 s/yr) = 1.337 xl() 9 kJ/yr 



The amount of gas consumption from the natural gas furnace that has an efficiency of 75% is 



1.337 xlO 9 kJ/yr r 


0.75 


1 therm 
105,500 kJ 


1 6,903 therms/yr 


The annual cost of this energy lost is 

Energy cost = (Energy used)(Unit cost of energy) 

= (16,903 therms/yr) ($0.5 2/ therm) = $8790/yr 

(c) In order to save 90% of the heat loss and thus to reduce it to 0.1x42,412 = 4241 W, the thickness of 
insulation needed is determined from 


Qt 


T -T 

s air 


T -T 

s air 


insulated 


Ro + ^insulation _J_ + lll( r 2 > h ) 

h 0 A 0 27ikL 


T 


-/^insulation P( 


'-'VWWWAWV- 




Substituting and solving for r 2 , we get 


4241 W = 


(150-15)°C 


1 


ln(r 2 / 0.05) 


■» r 2 = 0.0692 m 


(20 W/m 2 • °C)[(2^r 2 (50 m)] 2^(0.035 W/m • °C)(50 m) 

Then the thickness of insulation becomes 

t insulation = r 7~ r \ =6.92-5 = 1.92 CI11 
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3-75 An electric hot water tank is made of two concentric cylindrical metal sheets with foam insulation in 
between. The fraction of the hot water cost that is due to the heat loss from the tank and the payback 
period of the do-it-yourself insulation kit are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no variation in the axial 
direction. 3 Thermal conductivities are constant. 4 The thermal resistances of the water tank and the outer 
thin sheet metal shell are negligible. 5 Heat loss from the top and bottom surfaces is negligible. 

Properties The thermal conductivities are given to be k = 0.03 W/m-°C for foam insulation and k = 0.035 
W/m-°C for fiber glass insulation 

Analysis We consider only the side surfaces of the water heater for simplicity, and disregard the top and 
bottom surfaces (it will make difference of about 10 percent). The individual thermal resistances are 

A- = nD i L = ^-(0.40 m)(2m) = 2.51m 2 

1 1 


= 


h:A: 


l l 


(50 W/m 2 .°C)(2.51 m 2 ) 


= 0.008 °C/W 


A 0 - ttD 0 L = 7r(0A6 m)(2 m) = 2.89 m 
1 1 


Ri 


R 


foam 


R, 




= 


KK 


R 


(12 W/m 2 .°C)(2.89 m 2 ) 


ln(23 / 20) 


= 0.029 °C/W 


^WWWrM/WWWW WWr 7 '- 


foam 


I n ( r 2 / r, ) 

2nkL 2x(0.03 W/m 2 • °C)(2 m) 


= 0.37 °CAV 


R,o,ai = Ri +Ro+ R foam = 0-008 + 0.029 + 0.37 = 0.407 °C/W 

The rate of heat loss from the hot water tank is 

(55-27)°C 


Q = 


T w T^ 2 


Rtotai 0.407 °C/W 


= 68.8 W 


The amount and cost of heat loss per year are 

Q = QAt = (0.0688 kW) (3 65x24 h/yr) = 602.7 kWh/yr 

Cost of Energy = (Amount of energy)(Unit cost) = (602.7 kWh)($0.08 / kWh) = $48.22 

$48.22 


f = 


$280 


= 0.1722 = 17.2% 


If 3 cm thick fiber glass insulation is used to wrap the entire tank, the individual resistances becomes 
= ttD q L — ^-(0.52 m)(2 m) = 3.267 m 2 
1 1 


K = 


K A o 


(12 W/m 2 -° 0(3.267 m 2 ) 


= 0.026 °C/W 


Ri Rfoam ^fiberglass R c 


T, 



T 


co2 


R 


ln(23 / 20) 


foam 


R 


fiberglass 


ln (<2 / h ) 

27ik x L 

ln(r 3 / r 2 ) 

2t± 2 L 2^(0.035 W/m 2 • °C)(2 m) 


2^(0. 03 W/m 2 • °C)(2 m) 
ln(26 / 23) 


= 0.371 °C/W 


= 0.279 °C/W 


Rtotai = Ri +K+R foam + R fiberglass = 0-008 + 0.026 + 0.37 1 + 0.279 = 0.684 °C/W 

The rate of heat loss from the hot water heater in this case is 

(55-27)°C 


Q = 


T W ^002 


R 


total 


0.684 °C/W 


= 40.94 W 


The energy saving is 

saving = 10 - 40.94 = 29.06 W 

The time necessary for this additional insulation to pay for its cost of $30 is then determined to be 
Cost = (0.02906 kW)(Time period)($0.08 / kWh) = $30 

Then, Time period = 12,904 hours = 538 days « 1.5 years 
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3-76 EES Prob. 3-75 is reconsidered. The fraction of energy cost of hot water due to the heat loss from the 
tank as a function of the hot-water temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=2 [m] 

D_i=0.40 [m] 

D_o=0.46 [m] 
r_1=D_i/2 
r_2=D_o/2 
T_w=55 [C] 

T_infinity_2=27 [C] 
h_i=50 [W/m A 2-C] 
h_o=12 [W/m A 2-C] 
k_ins=0.03 [W/m-C] 

Price_electric=0.08 [$/kWh] 

Cost_heating=280 [$/year] 

"ANALYSIS" 

A_i=pi*D_i*L 
A_o=pi*D_o*L 
R_co n v_i = 1 /( h_i* A_i) 

R_ins=ln(r_2/r_1 )/(2*pi*k_ins*L) 

R_conv_o= 1 /(h_o*A_o) 

R_tot al= R_co n v_i + R_i n s+ R_co n v_o 
Q_dot=(T_w-T_infinity_2)/R_total 
Q=(Q_dot*Convert(W, kW))*time 
time=365*24 "[h/year]" 

Cost_HeatLoss=Q*Price_electric 
f_HeatLoss=Cost_HeatLoss/Cost_heating*Convert(, %) 


T w [C] 

ftleatLoss 

[%] 

40 

7.984 

45 

11.06 

50 

14.13 

55 

17.2 

60 

20.27 

65 

23.34 

70 

26.41 

75 

29.48 

80 

32.55 

85 

35.62 

90 

38.69 
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3-77 A cold aluminum canned drink that is initially at a uniform temperature of 3°C is brought into a room 
air at 25 °C. The time it will take for the average temperature of the drink to rise to 15°C with and without 
rubber insulation is to be determined. 

Assumptions 1 The drink is at a uniform temperature at all times. 2 The thermal resistance of the can and 
the internal convection resistance are negligible so that the can is at the same temperature as the drink 
inside. 3 Heat transfer is one-dimensional since there is thermal symmetry about the centerline and no 
variation in the axial direction. 4 Thermal properties are constant. 5 The thermal contact resistance at the 
interface is negligible. 

Properties The thermal conductivity of rubber insulation is given to be k = 0.13 W/m-°C. For the drink, we 
use the properties of water at room temperature, p = 1000 kg/m and c p = 4180 J/kg.°C. 

Analysis This is a transient heat conduction, and the rate of heat transfer will decrease as the drink warms 
up and the temperature difference between the drink and the surroundings decreases. However, we can 
solve this problem approximately by assuming a constant average temperature of (3+15)/2 = 9.5°C during 
the process. Then the average rate of heat transfer into the drink is 

2 2 

A 0 =kD 0 L + 2 = ;r(0.06 m)(0. 125 m) + 2 7r{0 -°^ m) = 0.02922 m 2 

Qbare.ave = KA(J ai r - T can , ave ) = (10 W/m 2 • °C)(0.02922 m 2 )(25 - 9.5)°C = 4.529 W 
The amount of heat that must be supplied to the drink to raise its temperature to 15 °C is 

m = p V = pKr 2 L = (1000kg/mV(0.03 m) 2 (0.1 25 m) = 0.3534 kg 
Q = me p AT = (0.3534 kg)(4180 J/kg)(15 - 4)°C = 16,250 J 

Then the time required for this much heat transfer to take place is 

At = — = A^’250 J _ _ s _ 59 8 m in 
Q 4.529 J/s 

We now repeat calculations after wrapping the can with 1-cm thick rubber insulation, except the top 
surface. The rate of heat transfer from the top surface is 

Qtop,a Ve =h 0 Ato P (T air -T can ave ) = (10 W/m 2 ■°C)[^'(0.03m) 2 ](25-9.5) o C = 0.44 W 


Heat transfer through the insulated side surface is 
A a = 7 tD 0 L = ;r(0.08 m)(0. 125 m) = 0.03142 m 2 
1 1 


R; 


R, 


T„ 


can 


-M/VWWAW\r 


T 

1 air 




R: 


h 0 A 0 (10 W/m 2 •°C)(0.03142 m 2 ) 
ln(r 2 / r x ) ln(4 / 3) 


insulation, side 


2 JikL 2/r(0. 13 W/m 2 • °C)(0. 125 m) 


= 3.183 °C/W 
= 2.818 °C/W 


Rtotal = Ro + Nation = 3. 1 83 + 2.8 1 8 = 6.001 °C/W 



T -T 

air can,ave 


R 


conv,o 


(25-9.5)°C 

— = 2.58W 

6.001 °CAV 


2 

The ratio of bottom to the side surface areas is (nr ) /(2/rrL) = r /(2L) = 3/(2 x 12.5) =0.12. Therefore, the 

effect of heat transfer through the bottom surface can be accounted for approximately by increasing the 
heat transfer from the side surface by 12%. Then, 

Q insulated = Qside+bottom + Qtop =^A2x 2.58 + 0.44 = 3.33 W 


Then the time of heating becomes 



16,250 J . 00 _ . . 

= 4880 s = 81.3 min 

3.33 J/s 
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3-78 A cold aluminum canned drink that is initially at a uniform temperature of 3°C is brought into a room 
air at 25 °C. The time it will take for the average temperature of the drink to rise to 10°C with and without 
rubber insulation is to be determined. 

Assumptions 1 The drink is at a uniform temperature at all times. 2 The thermal resistance of the can and 
the internal convection resistance are negligible so that the can is at the same temperature as the drink 
inside. 3 Heat transfer is one-dimensional since there is thermal symmetry about the centerline and no 
variation in the axial direction. 4 Thermal properties are constant. 5 The thermal contact resistance at the 
interface is to be considered. 

Properties The thermal conductivity of rubber insulation is given to be k = 0.13 W/m-°C. For the drink, we 
use the properties of water at room temperature, p = 1000 kg/m and c p = 4180 J/kg.°C. 

Analysis This is a transient heat conduction, and the rate of heat transfer will decrease as the drink warms 
up and the temperature difference between the drink and the surroundings decreases. However, we can 
solve this problem approximately by assuming a constant average temperature of (3+10)/2 = 6.5°C during 
the process. Then the average rate of heat transfer into the drink is 

A a = 7tD n L + 2 = ;r(0.06 m)(0. 125 m) + 2 ;r(a °^ m) = 0.02922 m 2 

e*™ = h 0 A(T mr - T can ave ) = (10 W/m 2 .°C)(0.02922m 2 )(25-9.5)°C = 4.529 W 
The amount of heat that must be supplied to the drink to raise its temperature to 15 °C is 
m = p{/ = p7rr 2 L = (1000 kg/m 3 );r (0.03 m) 2 (0.125 m) = 0.3534 kg 


Q = me p AT = (0.3534 kg)(4180 J/kg)(15 - 4)°C = 16,250 J 

Then the time required for this much heat transfer to take place is 
Q 16,250 J 


A t = ^ = 


= 3588 s = 59.8 min 


Q 4.529 J/s 

We now repeat calculations after wrapping the can with 1-cm thick rubber insulation, except the top 
surface. The rate of heat transfer from the top surface is 

Qtop, aV e = KK P (T mr -T can ^ e ) = (10 W/m 2 •°C)[;r(0.03 m) 2 ](25 -9.5)°C = 0.44 W 
Heat transfer through the insulated side surface is 

A a = 7iD 0 L = ;r(0.08 m)(0.125 m) = 0.03142 m 2 T 

R. = 1 1 


/^incnla 


R , 


can 


^VWVW\AV\Mr 


T 

1 air 


h 0 A 0 (10 W/m 2 -°C)(0. 03142 m 2 ) 


= 3.183 °C/W 


R ; 


ln(4 / 3) 


insulation, side 


In (r 2 / r x ) 

2 7±l 2^(0. 13 W/m 2 • °C)(0. 125 m) 


= 2.818 °C/W 


R 


contact 


0.00008 m 2 -°C/W 
^■(0.06 m)(0.125 m) 


= 0.0034 °C/W 


Rtotal =Ro + R insulation +* contact = 3. 1 83 + 2.8 1 8 + 0.0034 = 6.004 °C/W 


/j ^air ^can,ave (25 9.5)°C 
2side = = = 2.58 W 


R 


conv,o 


6.004 °C/W 


2 

The ratio of bottom to the side surface areas is (nr ) /(2^rL) = r /(2L) = 3 /(2xl2.5) =0.12. Therefore, the 

effect of heat transfer through the bottom surface can be accounted for approximately by increasing the 
heat transfer from the side surface by 12%. Then, 

Q insulated = Qside+bottom + Qtop = 1 x 2.58 + 0.44 = 3.33 W 
Then the time of heating becomes 

Af = — = 16,250 J = 4880 s = 81.3 min 
Q 3.33 J/s 

Discussion The thermal contact resistance did not have any effect on heat transfer. 
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3-79E A steam pipe covered with 2-in thick fiberglass insulation is subjected to convection on its surfaces. 
The rate of heat loss from the steam per unit length and the error involved in neglecting the thermal 
resistance of the steel pipe in calculations are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no variation in the axial 
direction. 3 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is 
negligible. 

Properties The thermal conductivities are given to be k = 8.7 Btu/h-ft-°F for steel and k = 0.020 Btu/h-ft-°F 
for fiberglass insulation. 

Analysis The inner and outer surface areas of the insulated pipe are 


Aj = TiDfL = ^-(3.5/12 ft)(l ft) = 0.916 ft 2 
A a — 7rD 0 L = tt( 8 / 12 ft)(l ft) = 2.094 ft 2 
The individual resistances are 


Ri Rpipe ^insulation Ro 

1 AVW\AVAVWW^^ 7x2 


Ri 

Ri 

R 2 


R 


total 


hi A, (30 Btu/h.ft 2 .°F)(0.9 1 6 ft 2 ) 


= 0.036 h-°F/Btu 


_ D 

^ pipe 


1 n ( 2 / 1 .75) 


= R ; 


In (r 2 / r x ) = 

2 nk x L ~ 2tt( 8.7 Btu/h.ft.°F)(l ft) 
ln(r 3 / r 2 ) ln(4 / 2) 


insulation 


2 t± 2 L 2^(0.020 Btu/h.ft.°F)(l ft) 


= 0.002 h-°F/Btu 

= 5.516 h • °F/Btu 


= = — = 0.096 h • °F/Btu 

K A a (5 Btu/h.ft 2 .° F)(2.094 ft 2 ) 

= R t +R { +R 2 +R 0 = 0.036 + 0.002 + 5.516 + 0.096 = 5.65 h -°F/Btu 


Then the steady rate of heat loss from the steam per ft. pipe length becomes 





R 


total 


(450-55)°F 
5.65 h-°F/Btu 


= 69.91 Btu/h 


If the thermal resistance of the steel pipe is neglected, the new value of total thermal resistance will be 
R tota i =Ri+R 2 +R 0 =0.036 + 5.5 16 + 0.096 = 5.648 h°F/Btu 
Then the percentage error involved in calculations becomes 


error% - 


(5.65 - 5.648)h°F/Btu 
5.65 h°F/Btu 


x 100 = 0.035% 


which is insignificant. 
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3-80 Hot water is flowing through a 15-m section of a cast iron pipe. The pipe is exposed to cold air and 
surfaces in the basement. The rate of heat loss from the hot water and the average velocity of the water in 
the pipe as it passes through the basement are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no variation in the axial 
direction. 3 Thermal properties are constant. 


Properties The thermal conductivity and emissivity of cast iron are given to be k = 52 W/m-°C and 8 = 0.7. 


Analysis The individual resistances are 

A t = = ;r(0.04 m)(15 m) = 1.885 m 2 p. R p i pe p 

A o = = ^(0.046 m)(15m) = 2.168 m 2 J\j\J yy\y^\ r - — YAWVV" r °° 2 


R : 


D 

^ pipe 


1 1 

Mi (120 W/m 2 .°C)(1.885 m 2 ) 
In (r 2 /r { ) _ ln(2.3/2) 

2 7± x L ~ 2n{52 W/m.°C)(15 m) 


= 0.00442 °C/W 
= 0.00003 °C/W 


The outer surface temperature of the pipe will be somewhat below the water temperature. Assuming the 
outer surface temperature of the pipe to be 60°C (we will check this assumption later), the radiation heat 
transfer coefficient is determined to be 


Kad = £<j ^ T 2 2 +T surr 2 )(T 2 +T mrr ) 

= (0.7X5.67 xl(T 8 W/m 2 .K 4 )[(333K) 2 +(283 K) 2 ](333 + 283) = 4.67 W/m 2 .K 


Since the surrounding medium and surfaces are at the same temperature, the radiation and convection heat 
transfer coefficients can be added and the result can be taken as the combined heat transfer coefficient. 
Then, 

Kombined = Kad + Korn ’, 2 = 4 - 67 + 15 = 19 - 67 W/m 2 .°C 

R a = = 7 — = 0.02345 °C/W 

Kombined A o (19.67 W/m“ .°C)(2. 168 m 2 ) 

R ,otai = R i + R pipe + R o= 0.00442 + 0.00003 + 0.02345 = 0.0279 °C/W 


The rate of heat loss from the hot water pipe then becomes 

Q= T^-T^ = (7 °- 10) ° C = 2151 W 
R total 0.0279 °CAV 


For a temperature drop of 3°C, the mass flow rate of water and the average velocity of water must be 


Q = me AT > m = 


Q 


2151 J/s 


c p AT (4180 J/kg.°C)(3 °C) 


m = pVA ( 


*V = 


m 


0.1 72 kg/s 


P A C nmn , , 3 .^(0.04 m) 
(1000 kg/m ) — 


= 0.1 72 kg/s 


= 0.136 m/s 


4 


Discussion The outer surface temperature of the pipe is 


Q = 


T„\ T s 


R i +R pipe 


■> 2151 W = 


(70-r )°c 


(0.00442 + 0.00003)°CAV 


-> T t = 60.4°C 


which is very close to the value assumed for the surface temperature in the evaluation of the radiation 
resistance. Therefore, there is no need to repeat the calculations. 
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3-81 Hot water is flowing through a 15 m section of a copper pipe. The pipe is exposed to cold air and 
surfaces in the basement. The rate of heat loss from the hot water and the average velocity of the water in 
the pipe as it passes through the basement are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 


Properties The thermal conductivity and emissivity of copper are given to be k = 386 W/m-°C and 8 = 0.7. 


Analysis The individual resistances are 

A/ = 7tDiL = 7r( 0.04 m)(15 m) = 1.885 m 2 p. R p i pe p 

A o =7rD o L = 7r(0M6m)(l5m) = 2.mm 2 — ^^/WW\^" r °° 2 


R. 


D 

^ pipe 


1 1 
^ A/ (120 W/m 2 .°C)(1 .885 m 2 ) 

ln(r 2 ! r x ) _ ln(2.3/2) 

2 t±L ~ 2^(386 W/m.°C)(15 m) 


0.00442 °C/W 
= 0.0000038 °C/W 


The outer surface temperature of the pipe will be somewhat below the water temperature. Assuming the 
outer surface temperature of the pipe to be 60°C (we will check this assumption later), the radiation heat 
transfer coefficient is determined to be 

h rad = e<j(T 2 2 +T sun 2 )(T 2 +T surr ) 

= (0.7)(5.67xl0“ 8 W/m 2 . K 4 )[(333K) 2 +(283 K) 2 ](333 + 283) = 4.67 W/m 2 . K 


Since the surrounding medium and surfaces are at the same temperature, the radiation and convection heat 
transfer coefficients can be added and the result can be taken as the combined heat transfer coefficient. 
Then, 

Kombined = h rad + h conv, 2 = 4 - 67 + 15 = 19 - 67 W/m 2 .°C 

R a = = — = 0.02345 °C/W 

h combined (19.67 W/m 2 . °C)(2. 168 m 2 ) 

R total = R t + R pipe + R a = 0.00442 + 0.0000038 + 0.02345 = 0.02787 °C/W 


The rate of heat loss from the hot water pipe then becomes 





R 


total 


(70-10)°C 
0.02787 °C/W 


= 2153 W 


For a temperature drop of 3°C, the mass flow rate of water and the average velocity of water must be 


Q = me AT > m = 


Q 


21534 J/s 


c p AT (4180 J/kg.°C)(3 °C) 


m = pVA ( 


->V = 


m 


0.1 86 kg/s 


pA c n nnn + / 3 .^(0.04 m) 
(1000 kg/m ) — 


= 0.1 72 kg/s 


= 0.137 m/s 


4 


Discussion The outer surface temperature of the pipe is 

(70-r s .)°c 


Q = Txl T ' > 2153 W = 

R i + R pipe 


(0.00442 + 0.000003 8) °C/W 


■> r, = 60.5°C 


which is very close to the value assumed for the surface temperature in the evaluation of the radiation 
resistance. Therefore, there is no need to repeat the calculations. 
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3-82E Steam exiting the turbine of a steam power plant at 100°F is to be condensed in a large condenser 
by cooling water flowing through copper tubes. For specified heat transfer coefficients, the length of the 
tube required to condense steam at a rate of 120 lbm/h is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no variation in the axial 
direction. 3 Thermal properties are constant. 4 Heat transfer coefficients are constant and uniform over the 
surfaces. 


Properties The thermal conductivity of copper tube is given to be k = 223 Btu/h-ft-°F. The heat of 
vaporization of water at 100°F is given to be 1037 Btu/lbm. 


Analysis The individual resistances are 

Aj = xDjL = ;r(0.4/12ft)(lft) = 0.105 ft 2 R> Rpipe K 

A 0 =nD 0 L = n{ 0.6 / 12 ft)(l ft) = 0.157ft 2 Txl ^WWW\r J VWWVV~^ 


R: = 


D 

** pipe 


^ Aj (35 Btu/h.ft 2 .°F)(0. 1 05 ft 2 ) 

ln(r 2 / r x ) ln(3 / 2) 


= 


2;jkL 

1 


2^(223 Btu/h.ft.°F)(l ft) 
1 


h 0 A 0 (1500 Btu/h.ft 2 .°F)(0.157 ft 2 ) 


= 0.2721 lh°F/Btu 

= 0.00029 h°F/Btu 
- 0.00425 h°F/Btu 


R 


total 


Ri + R pipe + R 0 = 0.2721 1 + 0.00029 + 0.00425 = 0.27665 h°F/Btu 


The heat transfer rate per ft length of the tube is 





R 


total 


(100-70)°F 
0.27665 °F/Btu 


= 108.44 Btu/h 


The total rate of heat transfer required to condense steam at a rate of 120 lbm/h and the length of the tube 
required is determined to be 


Q total =mh fg = (120 lbm/h)(1037 Btu/lbm) = 124,440 Btu/h 


Tube length 


total 

Q~ 


124,440 

108.44 


= 1148 ft 
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3-83E Steam exiting the turbine of a steam power plant at 100°F is to be condensed in a large condenser by 
cooling water flowing through copper tubes. For specified heat transfer coefficients and 0.01 -in thick scale 
build up on the inner surface, the length of the tube required to condense steam at a rate of 120 lbm/h is to 
be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 Heat transfer coefficients are constant and uniform over the 
surfaces. 

Properties The thermal conductivities are given to be k = 223 Btu/h-ft-°F for copper tube and be k = 0.5 
Btu/h-ft-°F for the mineral deposit. The heat of vaporization of water at 100°F is given to be 1037 Btu/lbm. 

Analysis When a 0.01 -in thick layer of deposit forms on the inner surface of the pipe, the inner diameter of 
the pipe will reduce from 0.4 in to 0.38 in. The individual thermal resistances are 


Ri 


R 


deposit 


R 


Pipr 


R, 


Too 1 


-WMrmmrmMr J WMr 


T 


oo2 


Aj = xDjL = /T(0.38 / 12 ft)(l ft) = 0.099 ft - 
A a = ttD „L = 7T( 0.6 / 1 2 ft)( 1 ft ) = 0. 1 57 ft 2 

= 1 


D 

^ pipe 


h i A [ (35 Btu/h.ft 2 ,°F)(0.099 ft 2 ) 
ln(r 2 / r, ) ln(3/2) 


R 


2 nkL 2/r(223 Btu/h.ft.°F)(l ft) 

ln ( r i / r de P ) ln(0.2/ 0.19) 


deposit 

R 0 

R total 


2 7± 2 L 2tt( 0.5 Btu/h.ft. °F)(1 ft) 

1 1 


K A 0 (1500 Btu/h.ft 2 .°F)(0. 1 57 ft 2 ) 


- 0.2886 h°F/Btu 

- = 0.00029 h°F/Btu 
= 0.01633 h.°F/Btu 

= 0.00425 h°F/Btu 


- R t + R pipe + R deposit +R a = 0.2886 + 0.00029 + 0.01633 + 0.00425 = 0.3095 h°F/Btu 


The heat transfer rate per ft length of the tube is 

(100-70)°F 


Q = 


Tool T^ 2 


R 


total 


0.3095 °F/Btu 


= 96.9 Btu/h 


The total rate of heat transfer required to condense steam at a rate of 120 lbm/h and the length of the tube 
required can be determined to be 

Q total = mh fg = (1 20 lbm/h)( 1037 Btu/lbm) = 124, 440 Btu/h 
2 tote/ 124.440 


Tube length = 


Q 


96.9 


= 1284 ft 
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3-84E EES Prob. 3-82E is reconsidered. The effects of the thermal conductivity of the pipe material and 
the outer diameter of the pipe on the length of the tube required are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_jnfinity_1=100 [F] 

T_jnfinity_2=70 [F] 
k_pipe=223 [Btu/h-ft-F] 

D_i=0.4 [in] 

D_o=0.6 [in] 
r_1=D_i/2 
r_2=D_o/2 
h_fg=1037 [Btu/lbm] 
h_o=1500 [Btu/h-ft A 2-F] 
h_i=35 [Btu/h-ft A 2-F] 
m_dot=120 [Ibm/h] 

"ANALYSIS" 

L=1 "[ft], for 1 ft length of the tube" 
A_i=pi*(D_i*Convert(in, ft))*L 
A_o=pi*(D_o*Convert(in, ft))*L 
R_co n v _i = 1 /( h J * A _i ) 
R„pipe=ln(r_2/r_1)/(2*pi*k_pipe*L) 
R_conv_o= 1 /(h_o*A_o) 
R_total=R_conv_i+R pipe+R_conv_o 

Q_dot=(T infinity 1 -T infinity 2)/R total 

Q_dot_total=m_dot*h_fg 
L tube=Q dot total/Q dot 


koine [Btll/h.ft.F] 

Ltube [ft] 

10 

1176 

30.53 

1158 

51.05 

1155 

71.58 

1153 

92.11 

1152 

112.6 

1152 

133.2 

1151 

153.7 

1151 

174.2 

1151 

194.7 

1151 

215.3 

1151 

235.8 

1150 

256.3 

1150 

276.8 

1150 

297.4 

1150 

317.9 

1150 

338.4 

1150 

358.9 

1150 

379.5 

1150 

400 

1150 
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tube [ft] i-tube [ft] 


D„[in] 

Ltube [ft] 

0.5 

1154 

0.525 

1153 

0.55 

1152 

0.575 

1151 

0.6 

1151 

0.625 

1150 

0.65 

1149 

0.675 

1149 

0.7 

1148 

0.725 

1148 

0.75 

1148 

0.775 

1147 

0.8 

1147 

0.825 

1147 

0.85 

1146 

0.875 

1146 

0.9 

1146 

0.925 

1146 

0.95 

1145 

0.975 

1145 

1 

1145 


1180 


1175 


1170 


1165 


1160 


1155 


1150 


1145 



200 250 300 

[Btu/h-ft-F] 


350 400 


1 155.0 


1 152.5 


1 150.0 


1 147.5 


1 145. 0L 
0.5 



D 0 [in] 
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3-85 A spherical tank filled with liquid nitrogen at 1 atm and -196°C is exposed to convection and 
radiation with the surrounding air and surfaces. The rate of evaporation of liquid nitrogen in the tank as a 
result of the heat gain from the surroundings for the cases of no insulation, 5-cm thick fiberglass insulation, 
and 2-cm thick superinsulation are to be determined. 

Assumptions 1 Heat transfer is steady since the specified thermal conditions at the boundaries do not 
change with time. 2 Heat transfer is one-dimensional since there is thermal symmetry about the midpoint. 3 
The combined heat transfer coefficient is constant and uniform over the entire surface. 4 The temperature 
of the thin-shelled spherical tank is said to be nearly equal to the temperature of the nitrogen inside, and 
thus thermal resistance of the tank and the internal convection resistance are negligible. 

Properties The heat of vaporization and density of liquid nitrogen at 1 atm are given to be 198 kJ/kg and 
810 kg/m , respectively. The thermal conductivities are given to be k = 0.035 W/m°C for fiberglass 
insulation and k = 0.00005 W/m°C for super insulation. 

Analysis (a) The heat transfer rate and the rate of evaporation of the liquid without insulation are 
A = t£) 2 =tt( 3 m) 2 = 28.27 m 2 


R„ = 


1 


1 


h a A (35 W/m 2 .°C)(28.27 m 2 ) 


= 0.00101 °c/w 


g = j^ = [ i5-( : i96)rc =m910W 


T, 


Ro 


R. 


Q — mh 


0.00101 °C/W 

Q 208.910 kJ/s 


sl -^wwv \^ r " 2 


fg 


-> m — 


h 


= 1.055 kg/s 


v fg 198 kJ/kg 

(b) The heat transfer rate and the rate of evaporation of the liquid with a 5-cm thick layer of fiberglass 
insulation are 


A = 7rD 2 = tt(3A m) 2 = 30.19 m 2 


= 


1 


1 


R 


insulation 


R, 


h a A (35 W/m 2 .°C)(30.19 m 2 ) 


= 0.000946 °C/W 


R; 


r 2 ~ r l 


(1.55-1.5) m 


insulation 


7sl ^V\AVWWVW\r 

= 0.0489 °C/W 


4 7±r x r 2 4^(0.035 W/m.°C)(1.55 m)(1.5 m) 

Rtotal = R o + R insulation = 0.000946 + 0.0489 = 0.0498 °C/W 
g- 7 ^ 2 J15-(-196)rC ^233w 


R 


total 


Q = mh 


fg 


-> m = 


0.0498 °C/W 

Q 4.233 kJ/s 


h 


= 0.0214 kg/s 


i fg 198 kJ/kg 

(c) The heat transfer rate and the rate of evaporation of the liquid with 2-cm thick layer of superinsulation 
is 

A = ;rD 2 =tt( 3.04 m) 2 = 29.03 m 2 


R„ = 


1 


1 


R 


insulation 


R, 


R: 


h 0 A (35 W/m 2 .°C)(29.03 m 2 ) 

r 2 -r x (1.52- 1.5) m 


= 0.000984 °C/W 


-MAVW\^A/\Ar T 


co2 


insulation 


4 nkr x r 2 4^(0.00005 W/m.°C)(l .52 m)(l .5 m) 


= 13.96 °C/W 


R total =R 0 +R insulati0n - 0.000984 + 13.96 = 13.96 °C/W 
q = T s\ ~ t ^2 = [15-(-196)]°C =15 nw 


R 


total 


Q = mh 


fg 


-> m = 


13.96 °C/W 

Q 0.015 llkJ/s 


h 


fg 


198 kJ/kg 


= 0.000076 kg/s 
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3-86 A spherical tank filled with liquid oxygen at 1 atm and -183°C is exposed to convection and radiation 
with the surrounding air and surfaces. The rate of evaporation of liquid oxygen in the tank as a result of the 
heat gain from the surroundings for the cases of no insulation, 5 -cm thick fiberglass insulation, and 2-cm 
thick superinsulation are to be determined. 

Assumptions 1 Heat transfer is steady since the specified thermal conditions at the boundaries do not 
change with time. 2 Heat transfer is one-dimensional since there is thermal symmetry about the midpoint. 3 
The combined heat transfer coefficient is constant and uniform over the entire surface. 4 The temperature 
of the thin-shelled spherical tank is said to be nearly equal to the temperature of the oxygen inside, and thus 
thermal resistance of the tank and the internal convection resistance are negligible. 

Properties The heat of vaporization and density of liquid oxygen at 1 atm are given to be 213 kJ/kg and 
1 140 kg/m , respectively. The thermal conductivities are given to be k = 0.035 W/m°C for fiberglass 
insulation and k = 0.00005 W/m°C for super insulation. 

Analysis (a) The heat transfer rate and the rate of evaporation of the liquid without insulation are 
A = t£) 2 =tt( 3 m) 2 = 28.27 m 2 


R„ = 


1 


1 


h a A (35 W/m 2 .°C)(28.27 m 2 ) 


= 0.00101 °c/w 


R, 


c =19 ^ 040W 


T 


sl ^WWW\r T<o2 


R. 


Q = mh 


0.00101 °C/W 

Q 196.040 kJ/s 


fg 


-> m — 


h fg 213 kJ/kg 


= 0.920 kg/s 


(b) The heat transfer rate and the rate of evaporation of the liquid with a 5-cm thick layer of fiberglass 
insulation are 


A = 7rD 2 =43.1m) 2 = 30.19 m 2 




insulation 


R, 


R„ = 


1 


1 


h a A (35 W/m 2 .°C)(30.19 m 2 ) 


= 0.000946 °C/W 


R; 


r 2 ~ r l 


(1.55-1.5) m 


insulation 


Tsl 


= 0.0489 °C/W 


Q = 


4 7±r x r 2 4^(0.035 W/m.°C)(1.55 m)(1.5 m) 

Ktai = i + insulation = 0.000946 + 0.0489 = 0.0498 °C/W 
T sl -T„ 2 [15-(-183)]°C 


R 


= 3976 W 


total 


Q = mh 


fg 


-> m = 


0.0498 °C/W 

Q _ 3.976 kJ/s 
h fg ~ 213 kJ/kg 


= 0.0187 kg/s 


(c) The heat transfer rate and the rate of evaporation of the liquid with a 2-cm superinsulation is 

/^insulation R n 


A = kD 2 = ;r(3.04 m) 2 = 29.03 m 2 


R = J_ = 1 

' * 2o/-^\/or\ 2 


= 0.000984 °C/W 


h 0 A (35 W/m 2 .°C)(29.03 m z ) 

r 2 - r x (1.52 -1.5) m 


R; 


insulation 


Ts ' ^WWW\rAWV- 7,1 

= 13.96 °C/W 


Q = 


4 7±r x r 2 4^(0.00005 W/m.°C)(1.52 m)(1.5 m) 

R insulation ~ 0-0C 

^ 1-^002 [15-(-183)]°C 


Rtotal = Ro + insulation - 0.000984 + 1 3.96 = 1 3.96 °C/W 


R 


= 14.18 W 


total 


Q = mh 


fg 


■» m = 


13.96 °C/W 

Q 0.01418 kJ/s 


h fg 213 kJ/kg 


= 0.000067 kg/s 
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Critical Radius of Insulation 

3-87C In a cylindrical pipe or a spherical shell, the additional insulation increases the conduction resistance 
of insulation, but decreases the convection resistance of the surface because of the increase in the outer 
surface area. Due to these opposite effects, a critical radius of insulation is defined as the outer radius that 
provides maximum rate of heat transfer. For a cylindrical layer, it is defined as r cr - k / h where k is the 

thermal conductivity of insulation and h is the external convection heat transfer coefficient. 

3-88C It will decrease. 

3-89C Yes, the measurements can be right. If the radius of insulation is less than critical radius of 
insulation of the pipe, the rate of heat loss will increase. 

3-90C No. 

3-91 C For a cylindrical pipe, the critical radius of insulation is defined as r cr = k / h . On windy days, the 

external convection heat transfer coefficient is greater compared to calm days. Therefore critical radius of 
insulation will be greater on calm days. 


3-92 An electric wire is tightly wrapped with a 1 -mm thick plastic cover. The interface temperature and the 
effect of doubling the thickness of the plastic cover on the interface temperature are to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 The thermal contact resistance at the interface is negligible. 
5 Heat transfer coefficient accounts for the radiation effects, if any. 


Properties The thermal conductivity of plastic cover is given to be k = 0.15 W/m-°C. 

Analysis In steady operation, the rate of heat transfer from the wire is equal to the heat generated within the 
wire, 


Q = W e = V/ = (8V)(13A) = 104W 

The total thermal resistance is 

1 1 


R 


plastic 


R 


conv 


R 


conv 


KA, 


T ‘ -WNWrMtr T ' 

= 0.3158 °C/W 


oo2 


R 


plastic 


(24 W/m.°C) [^(0.0042 m)(10m)] 

ln(r 9 In) ln(2.1/l.l) 

— ^ — x — = = 0.0686 °C/W 

2 nkL 2/r(0. 15 W/m.°C)(10 m) 

= 0.3 158 + 0.0686 = 0.3844 °CAV 


^ total ^conv + Aplastic 


Then the interface temperature becomes 

Q = T] ~ 7 °° 2 > 7\ = T x + QR total = 30°C + (104 W)(0.3844 °C/W) = 70.0°C 

^ total 


The critical radius of plastic insulation is 


cr 



0.15 W/m.°C 
24 W/m 2 .°C 


= 0.00625 m = 6.25 mm 


Doubling the thickness of the plastic cover will increase the outer radius of the wire to 3 mm, which is less 
than the critical radius of insulation. Therefore, doubling the thickness of plastic cover will increase the 
rate of heat loss and decrease the interface temperature. 
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3-93E An electrical wire is covered with 0.02-in thick plastic insulation. It is to be determined if the plastic 
insulation on the wire will increase or decrease heat transfer from the wire. 


Assumptions 1 Heat transfer from the wire is steady since there is no indication of any change with time. 2 
Heat transfer is one-dimensional since there is thermal symmetry about the centerline and no variation in 
the axial direction. 3 Thermal properties are constant. 4 The thermal contact resistance at the interface is 
negligible. 


Properties The thermal conductivity of plastic cover is given to be k = 0.075 Btu/h-ft-°F. 
Analysis The critical radius of plastic insulation is 


cr 



0.075 Btu/h.ft.°F 
2.5 Btu/h.ft 2 .°F 


= 0.03 ft = 0.36 in > r 2 (= 0.0615 in) 


Since the outer radius of the wire with insulation is smaller than critical radius 
of insulation, plastic insulation will increase heat transfer from the wire. 


Wire 



3-94E An electrical wire is covered with 0.02-in thick plastic insulation. By considering the effect of 
thermal contact resistance, it is to be determined if the plastic insulation on the wire will increase or 
decrease heat transfer from the wire. 

Assumptions 1 Heat transfer from the wire is steady since there is no indication of any change with time. 2 
Heat transfer is one-dimensional since there is thermal symmetry about the centerline and no variation in 
the axial direction. 3 Thermal properties are constant 

Properties The thermal conductivity of plastic cover is given to be Wire 

k = 0.075 Btu/h-ft-°F. 

Analysis Without insulation, the total thermal 
resistance is (per ft length of the wire) 

^Dlastic ^interface ^conv 




= R 


conv 


= = 18.4 h.°F/Btu 

h 0 A 0 (2.5 Btu/h.ft 2 .°F) [^*(0.083/1 2 ft)( 1 ft)] 


With insulation, the total thermal resistance is 
1 1 


R 


conv 


R 


plastic 


h 0 A 0 (2.5Btu/h.ft 2 .°F)W0.123/12ft)(lft)] 
ln(r 2 / r x ) _ ln(0. 123/ 0.083) 

2 t±L ~ 2^(0.075 Btu/h.ft.°F)(l ft) 


= 12.42 h.°F/Btu 


= 0.835 h.°F/Btu 


R: 


h. 


0.001 h.ft 2 .°F/Btu 


interface 


= 0.046 h.°F/Btu 


A c [^-(0.083/12 ft)(l ft)] 

^ total = ^conv + Aplastic + ^interface = 12.42 + 0.835 + 0.046 = 13.30 h.°F/BtU 


Since the total thermal resistance decreases after insulation, plastic insulation will increase heat transfer 
from the wire. The thermal contact resistance appears to have negligible effect in this case. 
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3-95 A spherical ball is covered with 1-mm thick plastic insulation. It is to be determined if the plastic 
insulation on the ball will increase or decrease heat transfer from it. 


Assumptions 1 Heat transfer from the ball is steady since there is no indication of any change with time. 2 
Heat transfer is one-dimensional since there is thermal symmetry about the midpoint. 3 Thermal properties 
are constant. 4 The thermal contact resistance at the interface is negligible. 


Properties The thermal conductivity of plastic cover is given to be 
k = 0.13 W/m-°C. 


Analysis The critical radius of plastic insulation for the spherical ball is 


cr 


2k 

h 


2(0.13 W/m.°C) 
20 W/m 2 .°C 


= 0.013 m = 13 mm > r 2 (= 7 mm) 


Since the outer radius of the ball with insulation is smaller than critical radius of 
insulation, plastic insulation will increase heat transfer from the wire. 


Insulation 
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3-96 EES Prob. 3-95 is reconsidered. The rate of heat transfer from the ball as a function of the plastic 
insulation thickness is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D_1 =0.005 [m] 

t ins=1 [mm] 

k_ins=0.13 [W/m-C] 

T_ball=50 [C] 

T_infinity=15 [C] 
h_o=20 [W/m A 2-C] 

"ANALYSIS" 

D_2=D_1 +2*t_ins*Convert(mm, m) 

A_o=pi*D_2 A 2 

R_conv_o= 1 /(h_o*A_o) 

R_ins=(r_2-r_1 )/(4*pi*r_1 *r_2*k_ins) 

r_1=D_1/2 

r_2=D_2/2 

R_total=R_conv_o+R_ins 

Q_dot=(T_ball-T_infinity)/R_total 


tms [mm] 

Q [W] 

0.5 

0.07248 

1.526 

0.1035 

2.553 

0.1252 

3.579 

0.139 

4.605 

0.1474 

5.632 

0.1523 

6.658 

0.1552 

7.684 

0.1569 

8.711 

0.1577 

9.737 

0.1581 

10.76 

0.1581 

11.79 

0.158 

12.82 

0.1578 

13.84 

0.1574 

14.87 

0.1571 

15.89 

0.1567 

16.92 

0.1563 

17.95 

0.1559 

18.97 

0.1556 

20 

0.1552 
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Heat Transfer from Finned Surfaces 

3-97C Increasing the rate of heat transfer from a surface by increasing the heat transfer surface area. 


3-98C The fin efficiency is defined as the ratio of actual heat transfer rate from the fin to the ideal heat 
transfer rate from the fin if the entire fin were at base temperature, and its value is between 0 and 1 . Fin 
effectiveness is defined as the ratio of heat transfer rate from a finned surface to the heat transfer rate from 
the same surface if there were no fins, and its value is expected to be greater than 1 . 


3-99C Heat transfer rate will decrease since a fin effectiveness smaller than 1 indicates that the fin acts as 
insulation. 


3-100C Fins enhance heat transfer from a surface by increasing heat transfer surface area for convection 
heat transfer. However, adding too many fins on a surface can suffocate the fluid and retard convection, 
and thus it may cause the overall heat transfer coefficient and heat transfer to decrease. 


3-101C Effectiveness of a single fin is the ratio of the heat transfer rate from the entire exposed surface of 
the fin to the heat transfer rate from the fin base area. The overall effectiveness of a finned surface is 
defined as the ratio of the total heat transfer from the finned surface to the heat transfer from the same 
surface if there were no fins. 


3-102C Fins should be attached on the air side since the convection heat transfer coefficient is lower on the 
air side than it is on the water side. 


3-103C Fins should be attached to the outside since the heat transfer coefficient inside the tube will be 
higher due to forced convection. Fins should be added to both sides of the tubes when the convection 
coefficients at the inner and outer surfaces are comparable in magnitude. 


3-104C Welding or tight fitting introduces thermal contact resistance at the interface, and thus retards heat 
transfer. Therefore, the fins formed by casting or extrusion will provide greater enhancement in heat 
transfer. 


3-105C If the fin is too long, the temperature of the fin tip will approach the surrounding temperature and 
we can neglect heat transfer from the fin tip. Also, if the surface area of the fin tip is very small compared 
to the total surface area of the fin, heat transfer from the tip can again be neglected. 


3-106C Increasing the length of a fin decreases its efficiency but increases its effectiveness. 


3-107C Increasing the diameter of a fin increases its efficiency but decreases its effectiveness. 


3-108C The thicker fin has higher efficiency; the thinner one has higher effectiveness. 


3-109C The fin with the lower heat transfer coefficient has the higher efficiency and the higher 
effectiveness. 
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3-110 A relation is to be obtained for the fin efficiency for a fin of constant cross-sectional area A c , 

perimeter p , length L, and thermal conductivity k exposed to convection to a medium at with a heat 

transfer coefficient h. The relation is to be simplified for circular fin of diameter D and for a rectangular fin 
of thickness t. 


Assumptions 1 The fins are sufficiently long so that the temperature of the fin at the tip is nearly . 2 
Heat transfer from the fin tips is negligible. 


Analysis Taking the temperature of the fin at the base to be T b and using the heat transfer relation for a 
long fin, fin efficiency for long fins can be expressed as 


Actual heat transfer rate from the fin 
Ideal heat transfer rate from the fin 
if the entire fin were at base temperature 

V hpkA c (T h -T x ) _ 7 hpkA c _ 1 
hA fi „(T b -T x ) ~ lrpL ~~Lf~ph 


This relation can be simplified for a circular fin of diameter D 
and rectangular fin of thickness t and width w to be 


7 7 fin, circular 


7 7fin,rectangular 


i IK-J. \ k ^ D2 /4 ) _ 1 1*0 

T\~ph~T\ ( nD)h ~2 ~L\~h 

1 lkA c 1 I k(wt) _ 1 jk(wt) 
L\ ph ~ L \ 2(w + t)h = L\ 2 wh 



1 IJa 

L V 2h 


3-111 The maximum power rating of a transistor whose case temperature is not to exceed 80° C is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The transistor case is isothermal at 80° C. 


Properties The case-to-ambient thermal resistance is 
given to be 20° C / W . 

Analysis The maximum power at which this transistor 
can be operated safely is 



AT 


R 


case-ambient 


T -T 

case oo 


R 


case-ambient 


(80-40rc =L6W 

25 °C/W 
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3-112 A fin is attached to a surface. The percent error in the rate of heat transfer from the fin when the 
infinitely long fin assumption is used instead of the adiabatic fin tip assumption is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 The heat transfer coefficient is constant and uniform over the entire fin 
surface. 4 The thermal properties of the fins are constant. 5 The heat transfer coefficient accounts for the 
effect of radiation from the fins. 


Properties The thermal conductivity of the aluminum fin is given to be k = 237 W/m-°C. 

Analysis The expressions for the heat transfer from a fin under 
infinitely long fin and adiabatic fin tip assumptions are 


Glongfin ( T b- T J 

Gins, tip = yjhpkAc ( T b -T’oo)tanh(mL) 


^”^”1 D = 4 mm 
L= 10 cm 


The percent error in using long fin assumption can be expressed as 


% Error = 


Q long fin Q ins. tip 


2ms. 


tip 


sJhpkA c (T h - T x )-^]hpkA c (T b -T x )tanh(mL) 
V hpkA c (T b - T x ) tanh (mL) 


tanh (mL) 


where m = 


hp 

kA, 


1 


(12W/m 2 .°CM0.004m) „ 4 

= 7.116 m 


(237 W/m.°C)^(0.004 m) 2 / 4 


Substituting, 

% Error = 


1 


1 = 


1 


1 = 0.635 = 63.5% 


tanh(mL) tanh[(7. 1 16 m 1 )(0. 10 m) 

This result shows that using infinitely long fin assumption may yield results grossly in error. 


3-113 A very long fin is attached to a flat surface. The fin temperature at a certain distance from the base 
and the rate of heat loss from the entire fin are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 The heat transfer coefficient is constant and uniform over the entire fin 
surface. 4 The thermal properties of the fins are constant. 5 The heat transfer coefficient accounts for the 
effect of radiation from the fins. 


Properties The thermal conductivity of the fin is given to be k = 200 W/m-°C. 
Analysis The fin temperature at a distance of 5 cm from the base is determined from 


m = 



T -T 

* * co — , 

= e 

Tb ~T X 


I (20 W/m 2 ,°C)(2 x 0.05 + 2 x 0.001)m _ 

V (200 W/m.°C)(0.05x 0.00 l)m 2 

-> T ~ 20 =g -( 14 . 3 X 0 . 05 ) > r = 29 . 8 °c 

40-20 


The rate of heat loss from this very long fin is [ 

G long fin = yfhpkA c (J b ~T X ) 

= a /( 20)(2 x 0.05 + 2 x 0.00 1 )(200( 0.05 x 0.00 1) ( 40 - 20) 

= 2.9 W 


40°C 


20°C 
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3-114 Circular fins made of copper are considered. The function 0(x) = T(x ) - along a fin is to be 
expressed and the temperature at the middle is to be determined. Also, the rate of heat transfer from each 
fin, the fin effectiveness, and the total rate of heat transfer from the wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 The heat transfer coefficient is constant and uniform over the entire finned and 
unfinned wall surfaces. 4 The thermal properties of the fins are constant. 5 The heat transfer coefficient 
accounts for the effect of radiation from the fins. 

Properties The thermal conductivity of the copper fin is 
given to be k = 400 W/m-°C. 

Analysis ( a ) For fin with prescribed tip temperature, 

0 0 L ! 0 h sinh(/7ir) + sinh[m(L - v)] 

0 h sinh( mL) 

With 0 b = T b -T M = T si and 0 L = T L -Toc = 0, the equation becomes 
0 sinhfm(L-v)] exp[ra(L- jt)]-exp[-m(L- v)] 

0 h sinh(raL) exp(raL) - exp(-mL) 

For v = L/2: 

~hp~ (1 00) /r (0.001) Q1 , 4 

= — =31. 6m 

kA c y (400)^(0.001) 2 /4 




@LI 2 “ T H 2 ~ 


sinh(mL / 2) 


= T 


exp (mL / 2) - exp(-mL / 2) 


.91 


= (132) 


sinh(raL) 1 exp(raL) - exp(-raL) 
exp(3 1 .6 x 0.0254 / 2) - exp(-3 1 .6 x 0.0254 / 2) 


exp(3 1 .6 x 0.0254) - exp(-3 1 .6 x 0.0254) 
( b ) The rate of heat transfer from a single fin is 

cosh(raL) 


= 61.6°C 


one fin = d by [hpkA c - 


sinh(raL) 


= (132-0)7(100M0.001)(400)^(0.001) 2 /4 cos ^ 3l - 6: xQ 

sinh(3 1. 6 x 0.0254) 


= 1.97 W 


The effectiveness of the fin is 


s = 


g/ 

A c h0 b 


1.97 

0.25^(0.001) 2 (100)(132-0) 


= 190 


Since s » 2, the fins are well justified, 
(c) The total rate of heat transfer is 


^ total *7 fins *7 base 

= n fm Q one fin + (^wall ~~ n fm @b 

= (625)(1 .97) + [0.1 x 0. 1 - 625 x 0.25^(0.001) 2 ](100)(132) 

=1363 W 
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3-115 A commercially available heat sink is to be selected to keep the case temperature of a transistor 
below 90°C in an environment at 20°C. 


Assumptions 1 Steady operating conditions exist. 2 The 
transistor case is isothermal at 90°C. 3 The contact 
resistance between the transistor and the heat sink is 
negligible. 

Analysis The thermal resistance between the transistor 
attached to the sink and the ambient air is determined to be 



T n 



AT 


R 


case-ambient 


>R 


case-ambient 


T -T 

transistor oo 


Q 


(90 - 20)°C 
40 W 


= 1.75 °C/W 


The thermal resistance of the heat sink must be below 1.75°C/W. Table 3-6 reveals that HS6071 in vertical 
position, HS5030 and HS6115 in both horizontal and vertical position can be selected. 


3-116 A commercially available heat sink is to be selected to keep the case temperature of a transistor 
below 55°C in an environment at 18°C. 


Assumptions 1 Steady operating conditions exist. 2 The transistor 
case is isothermal at 55° C. 3 The contact resistance between the 
transistor and the heat sink is negligible. 

Analysis The thermal resistance between the transistor attached to 
the sink and the ambient air is determined to be 



AT 


R 


case-ambient 


>R 


case-ambient 


T -T 

transistor oo 


Q 


(55-18 )°C 
25 W 





The thermal resistance of the heat sink must be below 1.5°C/W. Table 3-6 reveals that HS5030 in both 
horizontal and vertical positions, HS6071 in vertical position, and HS61 15 in both horizontal and vertical 
positions can be selected. 
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3-117 Circular aluminum fins are to be attached to the tubes of a heating system. The increase in heat 
transfer from the tubes per unit length as a result of adding fins is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat transfer coefficient is constant and uniform 
over the entire fin surfaces. 3 Thermal conductivity is constant. 4 Heat transfer by radiation is negligible. 

Properties The thermal conductivity of the fins is given to be k = 186 W/m-°C. 

Analysis In case of no fins, heat transfer from the tube per meter of its length is 

A no fin = nD x L = ;r(0.05 m)(l m) = 0.1571m 2 

ftiofin = hA mfin (T h -T x ) = (40 W/m 2 .°C)(0.1571m 2 )(180 — 25)°C = 974 W 
The efficiency of these circular fins is, from the efficiency curve, Fig. 3-43 
L = (D 2 -D x )/2 = (0.06 - 0.05) / 2 = 0.005 m 
r 2 +(t / 2) 0.03 + (0.001/ 2) 


180°C 


0.025 


= 1.22 


L 


3/2 


h 


\ 1/2 


kA 


p J 


L + — 
2 



0.005 


0.001 

2 




40 W/m 2 °C 


(186 W/m 0 C)(0.00 lm) 


= 0.08 


25 °C 


f 7 fin = 0-97 


Heat transfer from a single fin is 



A fin = 2k ( r 2 - rj) + 27ir 2 t = 2;r(0.03 2 - 0.025 2 ) + 2;r(0.03)(0.001) = 0.001916 m 2 

Gfin - 7 fin 2fin,max = 7 fin ^fin (^b ~ ^oo ) 

= 0.97(40 W/m 2 .°C)(0.001916m 2 )(l 80 -25)°C 
= 11.53 W 

Heat transfer from a single unfinned portion of the tube is 

A unfi n = n D x s = ^-(0.05 m)(0.003m) = 0.0004712 m 2 

Gunfin = hA miin (T b -r x ) = (40 W/m 2 ,°C)(0. 00047 12 m 2 )(180 - 25)°C = 2.92 W 

There are 250 fins and thus 250 interfin spacings per meter length of the tube. The total heat transfer from 
the finned tube is then determined from 


Gtotalim = «(Gfi„ + Gunfin) = 250(1 1.53 + 2.92) = 3613 W 

Therefore the increase in heat transfer from the tube per meter of its length as a result of the addition of the 
fins is 

^increase = Q total, fin ~ 2nofin = 3613-974 = 2639 W 
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3-1 18E The handle of a stainless steel spoon partially immersed in boiling water extends 7 in. in the air 
from the free surface of the water. The temperature difference across the exposed surface of the spoon 
handle is to be determined. 


Assumptions 1 The temperature of the submerged portion of the spoon is equal to the water temperature. 2 
The temperature in the spoon varies in the axial direction only (along the spoon), T(x). 3 The heat transfer 
from the tip of the spoon is negligible. 4 The heat transfer coefficient is constant and uniform over the 
entire spoon surface. 5 The thermal properties of the spoon are constant. 6 The heat transfer coefficient 
accounts for the effect of radiation from the spoon. 


Properties The thermal conductivity of the spoon is given to be k = 8.7 Btu/h-ft-°F. 

Analysis Noting that the cross-sectional area of the spoon is constant and measuring x from the free surface 
of water, the variation of temperature along the spoon can be expressed as 


T (x) - 7^ cosh m(L - x) 

T h -T ao cosh mL 

where 

p = 2(0.5 / 12 ft + 0.08 /12 ft) = 0.0967 ft 
A r = (0.5 / 12 ft)(0.08 /12ft) = 0.000278 ft 


m = 


hp 

kA~ 


ii 


(3 Btu/h.ft .F)(0.0967 ft) 


(8.7 Btu/h.ft. °F)(0.000278 ft 2 ) 


= 10.95 ft 


-l 


h, T a 



Noting that x-L- 7/12=0.583 ft at the tip and substituting, the tip temperature 
of the spoon is determined to be 


T(L) = T ao +(T b -T„) 


cosh m(L- L) 


= 75°F + (200-75) 


cosh mL 

cosh 0 


1 


— = 75°F + (200 - 75) = 75.4°F 

cosh(10.95x 0.583) 296 


Therefore, the temperature difference across the exposed section of the spoon handle is 
AT = T h - T tip = (200 - 75.4)°F = 124.6°F 
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3-1 19E The handle of a silver spoon partially immersed in boiling water extends 7 in. in the air from the 
free surface of the water. The temperature difference across the exposed surface of the spoon handle is to 
be determined. 


Assumptions 1 The temperature of the submerged portion of the spoon is equal to the water temperature. 2 
The temperature in the spoon varies in the axial direction only (along the spoon), 7\x). 3 The heat transfer 
from the tip of the spoon is negligible. 4 The heat transfer coefficient is constant and uniform over the 
entire spoon surface. 5 The thermal properties of the spoon are constant. 6 The heat transfer coefficient 
accounts for the effect of radiation from the spoon.. 

Properties The thermal conductivity of the spoon is given to be k = 247 Btu/h-ft-°F. 

Analysis Noting that the cross-sectional area of the spoon is constant and measuring x from the free surface 
of water, the variation of temperature along the spoon can be expressed as 


T (x) - cosh m(L - x) 
T b - cosh mL 


where 

p = 2(0.5 / 12 ft + 0.08 /12 ft) = 0.0967 ft 
A c = (0.5 / 12 ft)(0.08 / 12 ft) = 0.000278 ft 2 


h, Too 


T b 



0.08 in 
.5 in 


m = 



1 


(3 Btu/h.ft 2 .°F)(0.0967 ft) 
(247 Btu/h. ft. °F)(0. 000278 ft 2 ) 


2.055 fr 1 


Noting that x = L = 0.7/12=0.583 ft at the tip and substituting, the tip 
temperature of the spoon is determined to be 


T(L) = T x +(T b -TJ 


cosh m(L-L) 


= 75°F + (200-75) 


cosh mL 

coshO 

cosh(2.055x 0.583) 


= 75°F + (200-75) 


1.81 


144.1°F 


Therefore, the temperature difference across the exposed section of the spoon handle is 
AT = T b -T tip = (200-144.1)°C = 55.9°F 
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3-120E EES Prob. 3-1 18E is reconsidered. The effects of the thermal conductivity of the spoon material 
and the length of its extension in the air on the temperature difference across the exposed surface of the 
spoon handle are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

k_spoon=8.7 [Btu/h-ft-F] 

T_w=200 [F] 

T_infinity=75 [F] 

A_c=0.08/1 2*0.5/12 [ft A 2] 

L=7 [in] 

h=3 [Btu/h-ft A 2-F] 

"ANALYSIS" 
p=2*(0.08/1 2+0. 5/1 2) 
a=sqrt((h*p)/(k_spoon*A_c)) 

(T_tip-TJnfinity)/(T_w-T_infinity)=cosh(a*(L-x)*Convert(in, ft))/cosh(a*L*Convert(in, ft)) 
x=L "for tip temperature" 

D E LT AT =T_w-T_t i p 


kspoon [Btu/h.ft.F] 

AT [F] 

5 

124.9 

16.58 

122.6 

28.16 

117.8 

39.74 

112.5 

51.32 

107.1 

62.89 

102 

74.47 

97.21 

86.05 

92.78 

97.63 

88.69 

109.2 

84.91 

120.8 

81.42 

132.4 

78.19 

143.9 

75.19 

155.5 

72.41 

167.1 

69.82 

178.7 

67.4 

190.3 

65.14 

201.8 

63.02 

213.4 

61.04 

225 

59.17 
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3-121 A circuit board houses 80 logic chips on one side, dissipating 0.04 W each through the back side of 
the board to the surrounding medium. The temperatures on the two sides of the circuit board are to be 
determined for the cases of no fins and 864 aluminum pin fins on the back surface. 

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies 
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the 
circuit board, and is dissipated from the back side of the board. 4 Heat transfer from the fin tips is 
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The 
thermal properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of 
radiation from the fins. 


Properties The thermal conductivities are given to be k = 30 W/m-°C for the circuit board, k = 237 W/m-°C 
for the aluminum plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive. 

Analysis ( a ) The total rate of heat transfer dissipated by the chips is 
<2 = 80 x (0.04 W) = 3.2 W 
The individual resistances are 


conv 


Aboard ^epoxy ^Aluminum A 

T ' T 

Ti 


oo2 


A = (0.12 m)(0.18 m) = 0.0216 m 
L 0.003 m 


R 


board 


R 


kA (30 W/m.°C)(0.0216 m 2 ) 
1 1 


conv 


= 0.00463 °C/W 
= 1.1574 °C/W 


M (40 W/m 2 .°C)(0.02 1 6 m 2 ) 

fltotal = Aboard + * conv = 0.00463 + 1 . 1574 = 1 . 1620 °C/W 
The temperatures on the two sides of the circuit board are 

Q = x ~ 002 »7\ =T oo2 +QR totd i = 40°C + (3.2 W )(1 .1620 °CAV) = 43.7°C 



2 cm 



- 




1 




- 








- 




1 




- 




1 





Q = 


R total 

t x -t 2 


R 


*T 2 =T { -QR board = 43.7°C - (3.2 W)(0. 00463 °CAV) = 43.7 - 0.015 = 43.7°C 


board 


Therefore, the board is nearly isothermal. 

(b) Noting that the cross-sectional areas of the fins are constant, the efficiency of the circular fins can be 
determined to be 


m = 


hp 
kA . ~ 


h/rD 


4/? 


4(40 W/m 2 . °C) 


kxD 1 / 4 \kD V (237 W/m.°C)(0.0025 m) 


= 16.43 m 


-1 


7 fin 


tanh mL _ tanh(16.43 m' 1 x 0.02 m) 
ml 16.43 m' 1 x 0.02 m 


0.965 


The fins can be assumed to be at base temperature provided that the fin area is modified by multiplying it 
by 0.965. Then the various thermal resistances are 


R 


epoxy 


L_ 

kA 


0.0002 m 

(1.8 W/m.°C)(0.0216 m 2 ) 


= 0.005 1°C/W 
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^A1 _ 


L 


0.002 m 


kA (237 W/m.°C)(0.0216 m 2 ) 


= 0.00039 °C/W 


Afinned = r 1fm n7 ^^ = 0.965 x 864;r(0.0025 m)(0.02 m) = 0.131 m 

,2 _//~v r\r\^c\ 2 


A 


unfinned 


= 0.02 16 - 864 = 0.02 1 6 - 864 x /r(0 - 0025 ] = q.q 1 74 m 2 


^total, with fins ^finned ^unfinned 0.131 + 0.0174 0.148 m 

1 1 


R 


conv 


= 0.1689 °C/W 


with fins (40 W/m.C)(0.148 m 2 ) 

D D I D I D I D 

^ total — ^ board ' ^ epoxy ' A aluminum ' ^conv 

= 0.00463 + 0.005 1 + 0.00039 + 0. 1 689 = 0. 1 790 °C/W 
Then the temperatures on the two sides of the circuit board becomes 


Q 

Q 


T, -T n 2 


R total 

t x -t 2 


*T X = 2 + QR toVdl = 40°C + (3.2 W)(0.1790 °C/W) = 40.6°C 


R 


*T 2 =T x -QR bo . drd = 40.6°C - (3.2 W)(0. 00463 °C/W) = 40.6 - 0.015 = 40.6°C 


board 
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3-122 A circuit board houses 80 logic chips on one side, dissipating 0.04 W each through the back side of 
the board to the surrounding medium. The temperatures on the two sides of the circuit board are to be 
determined for the cases of no fins and 864 copper pin fins on the back surface. 

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies 
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the 
circuit board, and is dissipated from the back side of the board. 4 Heat transfer from the fin tips is 
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The 
thermal properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of 
radiation from the fins. 


Properties The thermal conductivities are given to be k = 20 W/m-°C for the circuit board, k = 386 W/m-°C 
for the copper plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive. 

Analysis (a) The total rate of heat transfer dissipated by the chips is 
Q = 80 x (0.04 W) = 3.2 W 
The individual resistances are 


^board ^epoxy ^Aluminum ^conv 


t„ 


T 2 

2 


A = (0.12m)(0.18 m) = 0.0216 m 
L 0.003 m 


R 


board 


R 


kA (30 W/m.°C)(0.0216 m 2 ) 
1 1 


conv 


= 0.00463 °C/W 
= 1.1574 °C/W 


hA (40 W/m 2 .°C)(0.0216 m 2 ) 

^ total Aboard +*conv = 0.00463 + 1 . 1574 = 1 . 1620 °C/W 



2 cm 



- 




1 




- 




a 




- 








- 




1 





The temperatures on the two sides of the circuit board are 

q = t \ ~ T cc2 >7i =t ^ 2 + QR tota \ =40°C + (3.2 W)(l. 1620 °C/W) = 43.7°C 

^ total 

Q = T '— 2 >T 2 =T x -QR hoQxd = 43.7°C - (3.2 W)(0. 00463 °CAV) = 43.7 - 0.015 = 43.7°C 

^ board 


Therefore, the board is nearly isothermal. 

(, b ) Noting that the cross-sectional areas of the fins are constant, the efficiency of the circular fins can be 
determined to be 


m = 



lmD 


4 h 


4(40 W/m .C) 


knD 2 / 4 \kD V ( 386 W/m.°C)(0.0025 m) 


= 12.88 m 


-l 


7 fin 


tanh mL _ tanh(12.88 m' 1 x 0.02 m) 
mL 12.88m 1 x 0.02 m 


0.978 


The fins can be assumed to be at base temperature provided that the fin area is modified by multiplying it 
by 0.978. Then the various thermal resistances are 


R 


epoxy 


L_ 

kA 


0.0002 m 

(1.8 W/m.°C)(0.0216 m 2 ) 


= 0.005 1°C/W 



L_ 

kA 


0.002 m 

(386 W/m.°C)(0.0216 m 2 ) 


= 0.00024 °C/W 
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Afinned = Tj^nxDL = 0.978x864^(0.0025 m)(0.02 m) = 0.133 m 2 

2 2 

^ unfinned = 0.02 1 6 - 864 = 0.02 1 6 - 864 x 7r{0 -°^ 25) = 0.0 1 74 m 2 

'Vital, with fins = Ainned + Ainfinned = 0. 133 + 0.01 74 = 0. 150 m 

R com = = — - — = 0. 1667 °C/W 

^ total, with fins (40 W/m“.°C)(0.150 m 2 ) 


^total ^board ^epoxy + ^aluminum ^conv 

= 0.00463 + 0.005 1 + 0.00024 + 0. 1 667 = 0. 1 767 °CAV 
Then the temperatures on the two sides of the circuit board becomes 


^1 -^oo 2 


T x = T x 2 + QR toVd \ = 40°C + (3.2 W)(0.1767 °C/W) = 40.6°C 


• T x -T 7 

Q = ~ — - 

Ru^.„-A 


T 2 = T x -QR board = 40.6°C - (3.2 W)(0. 00463 °C/W) = 40.6-0.015 = 40.6°C 
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3-123 A hot plate is to be cooled by attaching aluminum pin fins on one side. The rate of heat transfer from 
the 1 m by 1 m section of the plate and the effectiveness of the fins are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is 
constant and uniform over the entire fin surface. 5 The thermal properties of the fins are constant. 6 The 
heat transfer coefficient accounts for the effect of radiation from the fins. 

Properties The thermal conductivity of the aluminum plate and fins is given to be k = 237 W/m-°C. 

Analysis Noting that the cross-sectional areas of the fins are 
constant, the efficiency of the circular fins can be determined to be 


m = 


hp 

kA„ 


hirD 


4 h 


4(35 W/m 2 .°C) 


knD 1 14 V kD \ (237 W/m.°C)(0.0025 m) 


= 15.37 m 


-l 


tanh mL tanh(15.37 m" 1 x0.03 m) ___ 
//fin = = : = 0-935 


mL 


15.37 m" 1 x0.03 m 


The number of fins, finned and unfinned surface areas, 
and heat transfer rates from those areas are 


lm 


n - 


(0.006 m)(0.006 m) 


= 27,777 


Ai„ - 27777 


ttDL + 


7lD 


= 27777 


;r(0.0025)(0.03) + 


^(0.0025) 

4 


A 


unfinned 


= 6.68 m 2 
= 1-27777 


r nD 1 ^ 

4 


= 1-27777 


^(0.0025) 

4 


= 0.86 m 


3 cm 



0.6 cm 

















D- 0.25 cm 


2finned “ 7 fin 2fin,max ~~ ^fin ^fin ^oo ) 

= 0.935(35 W/m 2 .°C)(6.68 m 2 )(100 - 30)°C 
= 15,300 W 

Cunfinned = M unflnned (T b - T x ) = (35 W/m 2 .°C)(0.86 m 2 )(100 - 30)°C 
= 2107 W 

Then the total heat transfer from the finned plate becomes 

Gtotalfm = Gfinned + 6 unfinned = 15,300 + 2 107 = 1 .74 X 1 0 4 W = 17.4 kW 
The rate of heat transfer if there were no fin attached to the plate would be 
Alofin - (1 m)(l m) = 1 m 2 

Gnofin = Mnof in (^ ~T X ) = (35 W/m 2 .°C)(1 m 2 )(100 - 30)°C = 2450 W 
Then the fin effectiveness becomes 


^fin “ 


Gfin 17,400 


Q 


no fin 


2450 


= 7.10 
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3-124 A hot plate is to be cooled by attaching copper pin fins on one side. The rate of heat transfer from 
the 1 m by 1 m section of the plate and the effectiveness of the fins are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is 
constant and uniform over the entire fin surface. 5 The thermal properties of the fins are constant. 6 The 
heat transfer coefficient accounts for the effect of radiation from the fins. 


Properties The thermal conductivity of the copper plate and fins is 
given to be k = 386 W/m-°C. 


Analysis Noting that the cross-sectional areas of the fins are 
constant, the efficiency of the circular fins can be determined to be 


m = 



h7rD 
knD 2 / 4 



4(35 W/m.C) 


(386 W/m.°C)(0.0025 m) 


= 12.04 m 


tanh mL tanh(12.04 m' 1 x 0.03 m) __ 

*7 fin = = : = °- 959 


mL 


12.04 m' 1 x 0.03 m 


The number of fins, finned and unfinned surface areas, and heat 
transfer rates from those areas are 


1m 


n = 


(0.006 m)(0.006m) 


= 27777 



D= 0.25 cm 


^fin 


= 27777 


7lDL + 


nD 


4 


= 27777 


^(0.0025)(0.03) + 


^(0.0025) 


= 6.68 m 


A 


unfinned 


= 1-27777 


( ttD 2 ^ 
v 4 y 


= 1-27777 


^(0.0025) 


= 0.86 m 


Qfinned “ ^fin 2 fin, max “ ^fin^fin (T b T oo ) 


= 0.959(35 W/m 2 .°C)(6.68 m 2 )(100-30)°C 
= 15,700 W 

C unfinned = M unfmned (T b - T x ) = (35 W/m 2 ° 0(0.86 m 2 )(100 - 30)°C = 2107 W 
Then the total heat transfer from the finned plate becomes 

2 total, fin =Gn„ned+Gu„n„ned = 15.700 + 2107 = 1 .78 x 1 0 4 W = 17.8 kW 
The rate of heat transfer if there were no fin attached to the plate would be 
^ no fin = (1 m)( 1 m) = 1 m 2 


2 no fin = hA nofm (T„ -T x ) = (35 W/m 2 .°C)(lm 2 )(100-30)°C = 2450 W 
Then the fin effectiveness becomes 


^fin 


Qfm 

Qno fin 


17800 

2450 
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3-125 EES Prob. 3-123 is reconsidered. The effect of the center-to center distance of the fins on the rate of 
heat transfer from the surface and the overall effectiveness of the fins is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_b=1 00 [C] 

L=0.03 [m] 

D=0.0025 [m] 
k=237 [W/m-C] 

S=0.6 [cm] 

T_infinity=30 [C] 
h=35 [W/m A 2-C] 

A_surface=1*1 [m A 2] 

"ANALYSIS" 

p=pi*D 

A_c=pi*D A 2/4 

a=sqrt((h*p)/(k*A_c)) 

eta_fin=tanh(a*L)/(a*L) 

n=A_surface/(S A 2*Convert(cm A 2, m A 2)) "number of fins" 

A_fin=n*(pi*D*L+pi*D A 2/4) 

A_unfinned=A_surface-n*(pi*D A 2/4) 

Q_dot_finned=eta_fin*h*A_fin*(T_b-TJnfinity) 

Q_dot_unfinned=h*A_unfinned*(T_b-TJnfinity) 

Q_dot_total_fin=Q_dot_finned+Q_dot_unfinned 

Q_dot_nofin=h*A_surface*(T_b-T_infinity) 

epsilon_fin=Q_dot_total_fin/Q_dot_nofin 


S [cm] 

Q total fin 

[W] 


0.4 

36123 

14.74 

0.5 

24001 

9.796 

0.6 

17416 

7.108 

0.7 

13445 

5.488 

0.8 

10868 

4.436 

0.9 

9101 

3.715 

1 

7838 

3.199 

1.1 

6903 

2.817 

1.2 

6191 

2.527 

1.3 

5638 

2.301 

1.4 

5199 

2.122 

1.5 

4845 

1.977 

1.6 

4555 

1.859 

1.7 

4314 

1.761 

1.8 

4113 

1.679 

1.9 

3942 

1.609 

2 

3797 

1.55 
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3-82 


3-126 Two cast iron steam pipes are connected to each other through two 1-cm thick flanges exposed to 
cold ambient air. The average outer surface temperature of the pipe, the fin efficiency, the rate of heat 
transfer from the flanges, and the equivalent pipe length of the flange for heat transfer are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the flanges (fins) varies in one 
direction only (normal to the pipe). 3 The heat transfer coefficient is constant and uniform over the entire 
fin surface. 4 The thermal properties of the fins are constant. 5 The heat transfer coefficient accounts for 
the effect of radiation from the fins. 

Properties The thermal conductivity of the cast iron is given to be k = 52 W/m-°C. 

Analysis (a) We treat the flanges as fins. The individual thermal resistances are 

A t = 7tDiL = ^-(0.092 m)(6 m) = 1.73 m 2 
A 0 = nD 0 L = /r(0. 1 m)(6 m) = 1 .88 m 2 
1 1 


Ri 


R 


cond 


R, 


Tco1 - 7 VWV\MrM/VV\Mr J WV^ r °° 2 

T\ T 2 


R. = 


h:A : (180 W/m 2 .°C)(1.73 m 2 ) 


i i 


R 


cond 


R 0 = 


ln (<2 /_r\) 
27ikL 

1 


ln(5/4.6) 


2^(52 W/m.°C)(6 m) 
1 


= 0.0032 °C/W 


= 0.00004 °C/W 


h 0 A 0 (25 W/m 2 .°C)(1.88 m 2 ) 


= 0.0213 °C/W 


total =Ri +^cond + R o = 0.0032 + 0.00004 + 0.0213 = 0.0245 °C/W 
The rate of heat transfer and average outer surface temperature of the pipe are 

(200-12)°C 


Q = 


Q = 


Too\ -^OO 2 


R 


total 


^ 2-^2 


R, 


= 7673 W 

0.0245 °C 

-> T 2 =7^ +QR 0 = 12 °C + (7673 W)(0.0213 °C/W) = 175.4°C 


( b ) The fin efficiency can be determined from (Fig. 3-43) 


ro+- 0.1 + 


0.02 


Z = L 


3/2 


0.05 

\ 1/2 


= 2.2 


h 


kA 


r 


p J 


L + — 
2 



0.05 m + 


0.02 


m 




25 W/m 2o C 


(52 W/m° C)(0.02 m) 


= 0.29 


Vfin = 0.88 


A fin = 2n{r 2 2 - r { 2 ) + 2m 2 1 = 2^[(0. 1 m) ^ 2 - (0.05 m) ^ 2 ] + 2^(0. 1 m)(O.02 m) = 0.0597 m 2 
The heat transfer rate from the flanges is 

Gfinned = ^fin 2fin,max = ^fin^fin ^ b ~ ) 

= 0.88(25 W/m 2 .°C)(0.0597 m 2 )(175.4-12)°C = 215 W 

(c) A 6-m long section of the steam pipe is losing heat at a rate of 7673 W or 7673/6 = 1279 W per m 
length. Then for heat transfer purposes the flange section is equivalent to 


Equivalent length = 


215 W 


= 0.168m = 16.8 cm 


1279 W/m 

Therefore, the flange acts like a fin and increases the heat transfer by 16.8/2 = 8.4 times. 
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Heat Transfer in Common Configurations 

3-127C Under steady conditions, the rate of heat transfer between two surfaces is expressed as 
Q = Sk{T x — T 2 ) where S is the conduction shape factor. It is related to the thermal resistance by S=l/(kR). 


3-128C It provides an easy way of calculating the steady rate of heat transfer between two isothermal 
surfaces in common configurations. 


3-129 The hot water pipe of a district heating system is buried in the soil. The rate of heat loss from the 
pipe is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the soil is constant. 


Properties The thermal conductivity of the soil is 
given to be k = 0.9 W/m-°C. 

Analysis Since z >1.5D, the shape factor for this 
configuration is given in Table 3-7 to be 

2 ttL 27t(20 m) 


5 = 


ln(4z / D) ln[4(0.8 m) /(0.08 m)] 


= 34.07 m 


Then the steady rate of heat transfer from the pipe 
becomes 


A 


80 cm 


4 / 




Q = Sk(T x -T 2 ) = (34.07 m)(0.9 W/m.° C)(60 - 5)°C = 1 686 W 


5°C 


60°C 


D = 8 cm 


L = 20 m 
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3-130 EES Prob. 3-129 is reconsidered. The rate of heat loss from the pipe as a function of the burial depth 
is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=20 [m] 

D=0.08 [m] 
z=0.80 [m] 

T_1 =60 [C] 

T_2=5 [C] 
k=0.9 [W/m-C] 

"ANALYSIS" 
S=(2*pi*L)/ln(4*z/D) 
Q_dot=S*k*(T_1 -T_2) 


z [m] 

0 [W] 

0.2 

2701 

0.38 

2113 

0.56 

1867 

0.74 

1723 

0.92 

1625 

1.1 

1552 

1.28 

1496 

1.46 

1450 

1.64 

1412 

1.82 

1379 

2 

1351 
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3-131 Hot and cold water pipes run parallel to each other in a thick concrete layer. The rate of heat transfer 
between the pipes is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer is two-dimensional (no change in the axial 
direction). 3 Thermal conductivity of the concrete is 
constant. 

Properties The thermal conductivity of concrete is given 
be k = 0.75 W/m-°C. 

Analysis The shape factor for this 
configuration is given in Table 3-7 to be 

2 7iL 


S = 


z = 40 


cosh 


-l 


4 z 2 -D x -D 




2D x D 2 


2^(8 m) 


cosh 


4(0.4 inr - (0-05 m) z - (0.05 m) 
2(0.05 m)(0.05 m) 


2 ^ 


= 9.078 m 


T\ = 60°C 



= 15°C 


cm 


Then the steady rate of heat transfer between the pipes becomes 

Q = Sk( T x -T 2 ) = (9.078 m)(0.75 W/m.°C)(60 - 15)°C = 306 W 
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3-132 EES Prob. 3-131 is reconsidered. The rate of heat transfer between the pipes as a function of the 
distance between the centerlines of the pipes is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


3-86 


"GIVEN" 

L=8 [m] 

D_1 =0.05 [m] 

D_2=D_1 
z=0.40 [m] 

T_1 =60 [C] 

T_2=1 5 [C] 
k=0.75 [W/m-C] 

"ANALYSIS" 

S=(2*pi*L)/(arccosh((4*z A 2-D_1 A 2-D_2 A 2)/(2*D_1 *D_2))) 
Q_dot=S*k*(T_1 -T_2) 


z [m] 

orwi 

0.1 

644.1 

0.2 

411.1 

0.3 

342.3 

0.4 

306.4 

0.5 

283.4 

0.6 

267 

0.7 

254.7 

0.8 

244.8 

0.9 

236.8 

1 

230 
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3-133E A row of used uranium fuel rods are buried in the ground parallel to each other. The rate of heat 
transfer from the fuel rods to the atmosphere through the soil is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the soil is constant. 


Properties The thermal conductivity of the 
soil is given to be k = 0.6 Btu/h-ft-°F. 

Analysis The shape factor for this 
configuration is given in Table 3-7 to be 


total 


= 4x 


In 


= 4x 


2 ttL 

2 w . 2 7iz^ 

— sinh 

7rD W j 

2tt(3 ft) 


^ 2(8/1 2 ft) . , 2x(15 ft) A 
sinh 


= 0.5298 


In 


tt( 1 / 1 2 ft) (8 /12 ft) 



Then the steady rate of heat transfer from the fuel rods 
becomes 


Q = S tota i -T 2 ) = (0.5298 ft)(0.6 Btu/h.ft.°F)(350 - 60)°C = 92.2Btu/h 


3-134 Hot water flows through a 5-m long section of a thin walled hot water pipe that passes through the 
center of a 14-cm thick wall filled with fiberglass insulation. The rate of heat transfer from the pipe to the 
air in the rooms and the temperature drop of the hot water as it flows through the pipe are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the fiberglass insulation is constant. 4 The pipe is at the same 
temperature as the hot water. 


Properties The thermal conductivity of fiberglass insulation 
is given to be k = 0.035 W/m-°C. 


Analysis (a) The shape factor for this configuration is given 
in Table 3-7 to be 


5 = 


2 nL 


2^(5 m) 


In 


8z_ 

7rD 




In 


8(0.07 m) 
^■(0.025 m) 


- = 16 m 


Then the steady rate of heat transfer from the pipe becomes 

Q = Sk(T { -T 2 ) = (16m)(0.035 W/m.°C)(53-18)°C = 19.6 W 

( b ) Using the water properties at the room temperature, the 
temperature drop of the hot water as it flows through this 
5-m section of the wall becomes 


D =2.5 cm 



53°C 


18°C 


Q = me p AT 

Q Q 


AT = 


Q 


me 


p 


p0c p pVA c c 


P 


(1000 kg/m J )(0.4 m/s) 


19.6 J/s 
^■(0.025 m) 


= 0.024°C 


(4180 J/kg.°C) 
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3-135 Hot water is flowing through a pipe that extends 2 m in the ambient air and continues in the ground 
before it enters the next building. The surface of the ground is covered with snow at 0°C. The total rate of 
heat loss from the hot water and the temperature drop of the hot water in the pipe are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the ground is constant. 4 The pipe is at the same temperature as 
the hot water. 


Properties The thermal conductivity of the ground is given to be k = 1.5 W/m-°C. 

Analysis ( a ) We assume that the surface temperature of the tube is equal to the temperature of the water. 
Then the heat loss from the part of the tube that is on the ground is 


A s = kDL = /r(0.05 m)(2 m) = 0.3142 m 2 
Q = hA s (T s -TJ 

= (22 W/m 2 .°C)(0.3142 m 2 )(80-8)°C = 498 W 

Considering the shape factor, the heat loss for vertical part 
of the tube can be determined from 


5 = 


2 7rL 


f 4 L\ 


In 


D , 


2^(3 m) 

In 

‘ 4(3 m) ' 

(0.05 m) 


3.44 m 



Q = Sk(T t -T 2 ) = (3.44 m)(l .5 W/m.°C)(80 -0)°C = 413 W 
The shape factor, and the rate of heat loss on the horizontal part that is in the ground are 
2 7rL 2 zt(20 m) 


5 = 


In 


j 


In 


4(3 m) 


=r = 22.9 m 


(0.05 m) 

Q - Sk(T x -T 2 ) = (22.9 m)(l .5 W/m.°C)(80 - 0)°C = 2748 W 
and the total rate of heat loss from the hot water becomes 
2 total = 498 + 413 + 2748 = 3659 W 

( b ) Using the water properties at the room temperature, the temperature drop of the hot water as it flows 
through this 25 -m section of the wall becomes 


Q = mc p AT 

Q Q 


AT = 


Q 


3659 J/s 


mc p ( pV)c p (pVA c )c 


P (1000 kg/m 3 )(1. 5 m/s) 


^■(0.05 m) 


= 0.32°C 


(4180 J/kg.°C) 
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3-136 The walls and the roof of the house are made of 20-cm thick concrete, and the inner and outer 
surfaces of the house are maintained at specified temperatures. The rate of heat loss from the house through 
its walls and the roof is to be determined, and the error involved in ignoring the edge and corner effects is 
to be assessed. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer at the edges and corners is two-or three- 
dimensional. 3 Thermal conductivity of the concrete is constant. 4 The edge effects of adjoining surfaces 
on heat transfer are to be considered. 


Properties The thermal conductivity of the concrete is given to be k = 0.75 W/m-°C. 

Analysis The rate of heat transfer excluding the edges and corners is 
first determined to be 


A total =(12- 0.4)(1 2 - 0.4) + 4(1 2 - 0.4)(6 - 0.2) = 403.7 m : 


Q = 


kA 


total /m _ (0.75 W/m.°C)(403.7 m 2 ) 


L 


(?j ~T 2 ) = 


0.2 m 


(15 -3)°C = 18,167 W 


The heat transfer rate through the edges can be determined using the 
shape factor relations in Table 3-7, 

Scomers+edges = 4 x corners + 4 x edges = 4 X 0. 15L + 4 X 0.54w 

= 4 x 0.15(0.2 m) + 4 x 0.54(12 m) = 26.04 m 

Q corners -fedges = S corner s + edge S ^ “ T 2 ) = (26.04 m)(0.75 W/m.°C)(15 - 3)°C = 234 W 



and 


(9 total - 18,167 + 234 = 1.840xl0 4 W = 18.4kW 


Ignoring the edge effects of adjoining surfaces, the rate of heat transfer is determined from 


A total = (12)(12)+4(12)(6) = 432 m 


<2 = 


M 


total 


(T x -T 2 ) = 


(0.75 W/m.°C)(432 m 2 ) 


(15 -3)°C = 1.94xl0 4 = 19.4 kW 


L 1 " 0.2 m 

The percentage error involved in ignoring the effects of the edges then becomes 

19.4-18.4 


% err or = 


18.4 


xlOO = 5.4% 


3-137 The inner and outer surfaces of a long thick-walled concrete duct are maintained at specified 
temperatures. The rate of heat transfer through the walls of the duct is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two- 
dimensional (no change in the axial direction). 3 Thermal conductivity of 
the concrete is constant. 


Properties The thermal conductivity of concrete is given to 
be £ = 0.75 W/m-°C. 


Analysis The shape factor for this configuration is given in Table 3-7 to be 


a 

~b 


20 

16 


= 1.25 <1.41 


*5 = 


2 7iL 


0.785 In 






27t(25 m) 

= 896.7 m 

0.785 In 1.25 


Then the steady rate of heat transfer through the walls of the duct becomes 



Q = Sk(T x -T 2 ) = (896.7 m)(0.75 W/m. o C)(100-30) o C = 4.71x 10 4 W = 47.1 kW 


20 cm 
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3-138 A spherical tank containing some radioactive material is buried in the ground. The tank and the 
ground surface are maintained at specified temperatures. The rate of heat transfer from the tank is to be 
determined. 
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Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the ground is constant. 


Properties The thermal conductivity of the 
ground is given to be k = 1.4 W/m-°C. 



T 2 = 15°C 


Analysis The shape factor for this 
configuration is given in Table 3-7 to be 


5 = 


2nD 

1-0.25 — 


2^(3 m) 


1-0.25 


3 m 
5.5 m 


= 21.83m 


Then the steady rate of heat transfer from the tank becomes 



Q = Sk(T x -T 2 ) = (21.83 m)(l .4 W/m.°C)(140-15)°C = 3820 W 


3-139 EES Prob. 3-138 is reconsidered. The rate of heat transfer from the tank as a function of the tank 
diameter is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=3 [m] 
k=1 .4 [W/m-C] 
h=4 [m] 

T_1 =1 40 [C] 
T_2=1 5 [C] 


"ANALYSIS" 

z=h+D/2 

S=(2*pi*D)/(1 -0.25*D/z) 
Q_dot=S*k*(T_1 -T_2) 


D[m] 

Q [W] 

0.5 

566.4 

1 

1164 

1.5 

1791 

2 

2443 

2.5 

3120 

3 

3820 

3.5 

4539 

4 

5278 

4.5 

6034 

5 

6807 
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3-140 Hot water passes through a row of 8 parallel pipes placed vertically in the middle of a concrete wall 
whose surfaces are exposed to a medium at 20°C with a heat transfer coefficient of 8 W/m .°C. The rate of 
heat loss from the hot water, and the surface temperature of the wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of concrete is constant. 

Properties The thermal conductivity of concrete is given to be k = 0.75 W/m-°C. 

Analysis The shape factor for this 
configuration is given in Table 3-7 to be 
2 nL 2n{A m) 


32°C 


5 = 


In 


8z_ 

7rD 


In 


r 8(0.075 m) A 
/r(0.03 m) 


= 13.58m 


Then rate of heat loss from the hot water in 
8 parallel pipes becomes 

Q = 8 Sk(T x ~T 2 ) = 8(13.58 m)(0.75 W/m.°C)(85 - 32)°C = 4318 W 
The surface temperature of the wall can be determined from 
A s = 2(4 m)(8 m) = 64 m 2 (from both sides) 

Q 



Q = hA s (T s -T ao ) 


*T S - + 


M, 


= 32°C + 


4318 W 


(12 W/m 2 .°C)(64 m 2 ) 


= 37.6°C 


Special Topic: Heat Transfer through the Walls and Roofs 

3-141C The /lvalue of a wall is the thermal resistance of the wall per unit surface area. It is the same as 
the unit thermal resistance of the wall. It is the inverse of the (/-factor of the wall, R = HU. 

3-142C The effective emissivity for a plane-parallel air space is the “equivalent” emissivity of one surface 
for use in the relation Q md = £ effecti (^2 ~T\ ) that results in the same rate of radiation heat transfer 
between the two surfaces across the air space. It is determined from 

-J— =T + 3--i 

^effective ^ 2 

where si and z 2 are the emissivities of the surfaces of the air space. When the effective emissivity is 
known, the radiation heat transfer through the air space is determined from the <2 rad relation above. 

3-143C The unit thermal resistances (R-value) of both 40-mm and 90-mm vertical air spaces are given to 
be the same, which implies that more than doubling the thickness of air space in a wall has no effect on 
heat transfer through the wall. This is not surprising since the convection currents that set in in the thicker 
air space offset any additional resistance due to a thicker air space. 

3-144C Radiant barriers are highly reflective materials that minimize the radiation heat transfer between 
surfaces. Highly reflective materials such as aluminum foil or aluminum coated paper are suitable for use 
as radiant barriers. Yes, it is worthwhile to use radiant barriers in the attics of homes by covering at least 
one side of the attic (the roof or the ceiling side) since they reduce radiation heat transfer between the 
ceiling and the roof considerably. 

3-145C The roof of a house whose attic space is ventilated effectively so that the air temperature in the 
attic is the same as the ambient air temperature at all times will still have an effect on heat transfer through 
the ceiling since the roof in this case will act as a radiation shield, and reduce heat transfer by radiation. 
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3-146 The R-v alue and the (/-factor of a wood frame wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 3-8. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the insulation and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (/-factors for the insulation and stud sections are available, the overall average thermal resistance for 
the entire wall can be determined from 

^overall — 1/^overall where (/overall — (^//area )insulation (^f/area )stud 

and the value of the area fraction / area is 0.80 for insulation section and 0.20 for stud section since the 
headers that constitute a small part of the wall are to be treated as studs. Using the available R- values from 
Table 3-8 and calculating others, the total R - values for each section is determined in the table below. 



Construction 

R -value, nr 

! .°c/w 

Between 

studs 

At studs 

1. Outside surface, 12 km/h wind 

0.044 

0.044 

2. Wood bevel lapped siding 

0.14 

0.14 

3. Fiberboard sheathing, 13 mm 

0.23 

0.23 

4a. Mineral fiber insulation, 140 mm 

3.696 

— 

4b. Wood stud, 38 mm by 140 mm 

— 

0.98 

5. Gypsum wallboard, 13 mm 

0.079 

0.079 

6. Inside surface, still air 

0.12 

0.12 


Total unit thermal resistance of each section, R (in nr.°C/W) 

4.309 

1.593 

The (/-factor of each section, U = 1/R, in W/m 2 .°C 

0.232 

0.628 

Area fraction of each section ,/ area 

0.80 

0.20 

Overall (/-factor, U = £/ area ,iUi = 0.80x0.232+0.20x0.628 

0.311 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

3.213 m 2 .°C/W 


Therefore, the R-value and (/-factor of the wall are R = 3.213 m 2 .°C/W and U = 0.31 1 W/m 2 .°C. 
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3-147 The change in the R- value of a wood frame wall due to replacing fiberwood sheathing in the wall by 
rigid foam sheathing is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R-v alues of different materials are given in Table 3-8. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the insulation and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (/-factors for the insulation and stud sections are available, the overall average thermal resistance for 
the entire wall can be determined from 

^overall — 1 /^overall where (/overall — (^//area )insulation + (JJf irea )stud 

and the value of the area fraction / area is 0.80 for insulation section and 0.20 for stud section since the 
headers that constitute a small part of the wall are to be treated as studs. Using the available R- values from 
Table 3-6 and calculating others, the total R- values for each section of the existing wall is determined in the 
table below. 


Construction 

R -value, nr 

! .°c/w 

Between 

studs 

At studs 

1. Outside surface, 12 km/h wind 

0.044 

0.044 

2. Wood bevel lapped siding 

0.14 

0.14 

3. Rigid foam, 25 mm 

0.98 

0.98 

4a. Mineral fiber insulation, 140 mm 

3.696 

— 

4b. Wood stud, 38 mm by 140 mm 

— 

0.98 

5. Gypsum wallboard, 13 mm 

0.079 

0.079 

6. Inside surface, still air 

0.12 

0.12 



Total unit thermal resistance of each section, R (in m .°C/W) 

5.059 

2.343 

The (/-factor of each section, U = HR, in W/m 2 .°C 

0.198 

0.426 

Area fraction of each section ,/ area 

0.80 

0.20 

Overall (/-factor, U = Z/ area ,,(/; = 0.80x0.232+0.20x0.628 

0.2436 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

4.105 m 2 .°C/W 


The R - value of the existing wall is R = 3.213 m .°C/W. Then the change in the R-v alue becomes 


„ ^ AR - value 4.105-3.213 

% Change = = 

R- value, old 4.105 


0.217 


(or 21 . 7 %) 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 





3-94 


3-148E The R-v alue and the (/-factor of a masonry cavity wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 3-8. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 

-^overall — 1 /(/overall where (/overall — (^//area ) air space + (tZ/area ) stud 

and the value of the area fraction / area is 0.80 for air space and 0.20 for the ferrings and similar structures. 
Using the available R-values from Table 3-8 and calculating others, the total R-values for each section of 
the existing wall is determined in the table below. 


Construction 

R -value, h.ft 

2 .°F/Btu 

Between 

furring 

At 

furring 

1. Outside surface, 15 mph wind 

0.17 

0.17 

2. Face brick, 4 in 

0.43 

0.43 

3. Cement mortar, 0.5 in 

0.10 

0.10 

4. Concrete block, 4-in 

1.51 

1.51 

5a. Air space, 3/4-in, nonreflective 

2.91 

— 

5b. Nominal 1x3 vertical furring 

-- 

0.94 

6. Gypsum wallboard, 0.5 in 

0.45 

0.45 

7. Inside surface, still air 

0.68 

0.68 




Total unit thermal resistance of each section, R 

6.25 

4.28 

The (/-factor of each section, U = 1/R, in Btu/h.ft 2 . °F 

0.160 

0.234 

Area fraction of each section ,/ area 

0.80 

0.20 

Overall (/-factor, U = X/ area i (/i = 0.80x0.160+0.20x0.234 

0.175 Btu/h.ft 2 .°F 

Overall unit thermal resistance, R= l/U 

5.72 h.ft 2 .°F/Btu 


• • • 2 • 
Therefore, the overall unit thermal resistance of the wall is R = 5.72 h.ft .°F/Btu and the overall U-factor is 

U = 0.175 Btu/h.ft .°F. These values account for the effects of the vertical ferring. 
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3-149 The winter R - value and the (/-factor of a flat ceiling with an air space are to be determined for the 
cases of air space with reflective and nonreflective surfaces. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the ceiling is one-dimensional. 3 
Thermal properties of the ceiling and the heat transfer coefficients are constant. 

Properties The R-values are given in Table 3-8 for different materials, and in Table 3-11 for air layers. 
Analysis The schematic of the ceiling as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 

^overall — 1 /^overall where (/overall — (^//area )air space (^//area )stud 

and the value of the area fraction / area is 0.82 for air space and 0.18 for stud section since the headers 
which constitute a small part of the wall are to be treated as studs. 

(a) Nonreflective surfaces, £*, = = 0.9 and thus 6* pffprtivp = = = 0.82 

1 / E\ + 1 / c 2 — 1 1/ 0.9 + 1/0.9-1 



Construction 

R -value, m 2 .°C/W 

Between 

studs 

At studs 

1. Still air above ceiling 

0.12 

0.044 

2. Linoleum (R = 0.009 m 2 .°C/W) 

0.009 

0.14 

3. Felt (R = 0.011 m 2 .°C/W) 

0.011 

0.23 

4. Plywood, 13 mm 

0.11 


5. Wood subfloor (R = 0.166 m 2 .°C/W) 

0.166 


6a. Air space, 90 mm, nonreflective 

0.16 

— 

6b. Wood stud, 38 mm by 90 mm 

— 

0.63 

7. Gypsum wallboard, 13 mm 

0.079 

0.079 

8. Still air below ceiling 

0.12 

0.12 


Total unit thermal resistance of each section, R (in m .°C/W) 

0.775 

1.243 

The (/-factor of each section, U = l/R , in W/m 2 .°C 

1.290 

0.805 

Area fraction of each section ,/ area 

0.82 

0.18 

Overall (/-factor, U = S/ area i (/i = 0.82x1.290+0.18x0.805 

1.203 W/m\°C 

Overall unit thermal resistance, R= l/U 

0.831 m 2 .°C/W 


(b) One-reflective surface, s x = 0.05 and s 2 = 0.9 — » ^effective = = = 0.05 

1/ s x +l/s 2 “I 1/0.05 + 1/0.9-1 

In this case we replace item 6a from 0.16 to 0.47 m 2 .°C/W. It gives R = 1.085 m 2 .°C/W and U = 0.922 W/ 
m .°C for the air space. Then, 


Overall (/-factor, U = S/ areai JJ\ = 0.82x1.085+0.18x0.805 

1.035 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

0.967 m 2 .°C/W 


(c) Two-reflective surface, s x = = 0.05 — » £ pffpptivp = = = 0.03 

1 2 effective j / ^ + j / ^ _ j 1/0.05 + 1/0.05-1 

In this case we replace item 6a from 0.16 to 0.49 m 2 .°C/W. It gives R= 1.105 m 2 .°C/W and U = 0.905 W/ 
m .°C for the air space. Then, 


Overall (/-factor, U = I/ ar ea,i^i = 0.82x1.105+0.18x0.805 

1.051 W/m 2 .°C 

Overall unit thermal resistance, R = l/U 

0.951 m 2 .°C/W 
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3-150 The winter R-v alue and the (/-factor of a masonry cavity wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 3-8. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 

-^overall — 1 /(/overall where (/overall — (U/area ) air space + ([//area ) stud 

and the value of the area fraction / area is 0.84 for air space and 0.16 for the ferrings and similar structures. 
Using the available R-values from Tables 3-8 and 3-11 and calculating others, the total R-values for each 
section of the existing wall is determined in the table below. 



R -value, m 2 .°C/W 

Construction 

Between 

furring 

At 

furring 

1 . Outside surface, 24 km/h 

0.030 

0.030 

2. Face brick, 100 mm 

0.12 

0.12 

3. Air space, 90-mm, nonreflective 

0.16 

0.16 

4. Concrete block, lightweight, 100- 
mm 

0.27 

0.27 

5a. Air space, 20 mm, nonreflective 

0.17 

— 

5b. Vertical ferring, 20 mm thick 

— 

0.94 

6. Gypsum wallboard, 13 

0.079 

0.079 

7. Inside surface, still air 

0.12 

0.12 



Total unit thermal resistance of each section, R 

0.949 

1.719 

The (/-factor of each section, U = 1/R, in W/m 2 .°C 

1.054 

0.582 

Area fraction of each section ,/ area 

0.84 

0.16 

Overall (/-factor, U = S/ areai (/i = 0.84x1.054+0.16x0.582 

0.978 W/m 2 .°C 

Overall unit thermal resistance, R= \/U 

1.02 m 2 .°C/W 


• • • 2 • 
Therefore, the overall unit thermal resistance of the wall is R = 1.02 m .°C/W and the overall U-factor is U 

= 0.978 W/m .°C. These values account for the effects of the vertical ferring. 
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3-151 The winter /lvalue and the (/-factor of a masonry cavity wall with a reflective surface are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R-values of different materials are given in Table 3-8. The R- values of air spaces are given 
in Table 3-11. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 

-^overall — 1 /(/overall where (/overall — (C/area ) air space + (tZ/area ) stud 

and the value of the area fraction / area is 0.84 for air space and 0.16 for the ferrings and similar structures. 
For an air space with one-reflective surface, we have s x =0.05 and e 2 = 0.9 , and thus 


^effective 


1 


\I £ x +1/^2 “I 


= 0.05 

1/0.05 + 1/0.9-1 


Using the available R-values from Tables 3-8 and 3-11 and calculating others, the total R-values for each 
section of the existing wall is determined in the table below. 




R -value, m 2 .°C/W 

Construction 

Between 

furring 

At 

furring 

1 . Outside surface, 24 km/h 

0.030 

0.030 

2. Face brick, 100 mm 

0.12 

0.12 

3. Air space, 90-mm, reflective with 8 = 
0.05 

0.45 

0.45 

4. Concrete block, lightweight, 100-mm 

0.27 

0.27 

5a. Air space, 20 mm, reflective with s 

0.49 

— 

=0.05 

5b. Vertical ferring, 20 mm thick 

— 

0.94 

6. Gypsum wallboard, 13 

0.079 

0.079 

7. Inside surface, still air 

0.12 

0.12 


Total unit thermal resistance of each section, R 

1.559 

2.009 

The (/-factor of each section, U = 1/R, in W/m 2 .°C 

0.641 

0.498 

Area fraction of each section ,/ area 

0.84 

0.16 

Overall (/-factor, U = £/ ar ea,iUi = 0.84x0.641+0.16x0.498 

0.618 W/m 2 .°C 

Overall unit thermal resistance, R= \/U 

1.62 m 2 .°C/W 


• • • 2 • 
Therefore, the overall unit thermal resistance of the wall is R = 1.62 m .°C/W and the overall U-factor is U 

= 0.618 W/m .°C. These values account for the effects of the vertical ferring. 

Discussion The change in the (/-value as a result of adding reflective surfaces is 


AU — value 

Change = _ — 

U — value, nonreflective 


0.978-0.618 

0.978 


0.368 


Therefore, the rate of heat transfer through the wall will decrease by 36.8% as a result of adding a 
reflective surface. 
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3-152 The winter R-v alue and the (/-factor of a masonry wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 3-8. 

Analysis Using the available R-values from Tables 3-8, the total R-value of the wall is determined in the 
table below. 


Construction 

R-value, 

m 2 .°C/W 

1. Outside surface, 24 km/h 

0.030 

2. Face brick, 100 mm 

0.075 

3. Common brick, 100 mm 

0.12 

4. Urethane foam insulation, 25-mm 

0.98 

5. Gypsum wallboard, 13 mm 

0.079 

6. Inside surface, still air 

0.12 



Total unit thermal resistance of each section, R 

1.404 m 2 .°C/W 

The (/-factor of each section, U = HR 

0.712 W/m 2 .°C 


Therefore, the overall unit thermal resistance of the wall is R = 1.404 m .°C/W and the overall U-factor is 
U= 0.712 W/m 2 .°C. 


3-153 The (/-value of a wall under winter design conditions is given. The (/-value of the wall under 
summer design conditions is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant except the one at the outer 
surface. 


Properties The R-values at the outer surface of a wall for summer (12 km/h winds) and winter (24 km/h 
winds) conditions are given in Table 3-8 to be R 0 summer = 0.044 m 2 .°C/W and R 0 winter = 0.030 m 2 .°C/W. 


Analysis The R-value of the existing wall is 

* winter = 1 ^ winter = 1 / 1-40 = 0.714 m 2 • °C/W 

Noting that the added and removed thermal 
resistances are in series, the overall R-value of the 
wall under summer conditions becomes 

D D D i D 

.summer — ^ winter ^o, winter ' ^o, summer 

= 0.714-0.030 + 0.044 
= 0.728 m 2 -°C/W 

Then the summer (/-value of the wall becomes 

Summer =1 /^summer = 1 / 0.728 = 1.37 m 2 -°C/W 
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3-154 The (/-value of a wall is given. A layer of face brick is added to the outside of a wall, leaving a 20- 
mm air space between the wall and the bricks. The new (/-value of the wall and the rate of heat transfer 
through the wall is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The (/-value of a wall is given to be U = 2.25 W/m .°C. The R - values of 100-mm face brick 

and a 20-mm air space between the wall and the bricks various layers are 0.075 and 0.170 m .°C/W, 

respectively. 

Analysis The R-\ alue of the existing wall for 
the winter conditions is 

^existing wall = 1 ^ ^existing wall = 1 ^ 2.25 = 0.444 m 2 • °C/W 

Noting that the added thermal resistances are in series, 
the overall /lvalue of the wall becomes 

D E> I D I D 

^modified wall — ^existing wall ' ^brick ' ^air layer 

= 0.44 + 0.075 + 0. 170 = 0.689 m 2 • °C/W 
Then the (/-value of the wall after modification becomes 


R 


modified wall 


= \!U 


modified wall 


= 1/0.689 = 1.45m 2 -°C/W 


The rate of heat transfer through the modified wall is 
2 wail = (UA) wall (T, -T 0 ) = (1 .45 w/m 2 • °C)(3 x 7 m 2 )[22 - (-5)°C] = 822 W 



Existing 
wall 


3-155 The summer and winter R-v alues of a masonry wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 4 The air cavity does not have 
any reflecting surfaces. 

Properties The R- values of different materials are given in Table 3-8. 

Analysis Using the available R-values from Tables 3-8, the total R-value of the wall is determined in the 
table below. 


Construction 

R -value, m 2 .°C/W 

Summer 

Winter 

la. Outside surface, 24 km/h (winter) 

— 

0.030 

lb. Outside surface, 12 km/h (summer) 

0.044 

— 

2. Face brick, 100 mm 

0.075 

0.075 

3. Cement mortar, 13 mm 

0.018 

0.018 

4. Concrete block, lightweight, 100 mm 

0.27 

0.27 

5. Air space, nonreflecting, 40-mm 

0.16 

0.16 

5. Plaster board, 20 mm 

0.122 

0.122 

6. Inside surface, still air 

0.12 

0.12 




• • • 2 
Total unit thermal resistance of each section (the R- value) , m .°C/W 


0.809 


0.795 


• • • 2 • 

Therefore, the overall unit thermal resistance of the wall is R = 0.809 m .°C/W in summer and R = 0.795 

m 2 .°C/W in winter. 
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3-156E The (/-value of a wall for 7.5 mph winds outside are given. The (/-value of the wall for the case of 
15 mph winds outside is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant except the one at the outer 
surface. 

Properties The R-values at the outer surface of a wall 
for summer (7.5 mph winds) and winter (15 mph winds) 
conditions are given in Table 3-8 to be 

^o,7.5 mph = *o, summer = 0.25 h.ft\ 0 F/BtU 
and R 0i 15 mph = R a _ winter =0.17 h.ft 2 .°F/Btu 
Analysis The R-value of the wall at 7.5 mph winds (summer) is 


Inside 


R. 


= 1 /( 7 . 


= 1/ 0.075 = 13.33 h. ft 2 °F/Btu 



Outside 
7.5 mph 


Inside 



Outside 
15 mph 


wall, 7.5 mph ~ 1 ' ^ wall, 7.5 mph 

Noting that the added and removed thermal resistances are in 
series, the overall R - value of the wall at 15 mph (winter) 
conditions is obtained by replacing the summer value of outer 
convection resistance by the winter value, 

^wall, 15 mph — ^ wall, 7.5 mph — ^o, 7.5 mph ^o, 15 mph 

= 13.33 - 0.25 + 0. 17 = 13.25 h.ft 2 • °F/Btu 
Then the U-value of the wall at 15 mph winds becomes 

*walU5mph =l/t/waU5mph = 1 / 13.25 = 0.0755 h.ft 2 • °F/Btll 

Discussion Note that the effect of doubling the wind velocity on the (/-value of the wall is less than 1 
percent since 


Change = 


AU - value 0.0907-0.09 


U - value 


0.09 


= 0.0078 (or 0.78%) 


3-157 Two homes are identical, except that their walls are constructed differently. The house that is more 
energy efficient is to be determined. 

Assumptions 1 The homes are identical, except that their walls are constructed differently. 2 Heat transfer 
through the wall is one-dimensional. 3 Thermal properties of the wall and the heat transfer coefficients are 
constant. 

Properties The R-values of different materials are given in Table 3-8. 

Analysis Using the available R-values from Tables 3-8, the total R-value of the masonry wall is determined 
in the table below. 




Construction 

R -value, 

m 2 .°C/W 

1 . Outside surface, 24 km/h (winter) 

0.030 

2. Concrete block, light weight, 200 mm 

2x0.27=0.54 

3. Air space, nonreflecting, 20 mm 

0.17 

5. Plasterboard, 20 mm 

0.12 

6. Inside surface, still air 

0.12 


Total unit thermal resistance (the R- value) 


0.98 m 2 .°C/W 


which is less than 2.4 m 2 .°C/W. Therefore, the standard R-2.4 m 2 .°C/W wall is better insulated and thus it 
is more energy efficient. 
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3-158 A ceiling consists of a layer of reflective acoustical tiles. The R-v alue of the ceiling is to be 
determined for winter conditions. 

Assumptions 1 Heat transfer through the ceiling is one-dimensional. 3 Thermal properties of the ceiling 
and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Tables 3-8 and 3-9. 

Analysis Using the available R- values, the total R - value of the ceiling is determined in the table below. 



Construction 

R -value, 

m 2 .°C/W 

1. Still air, reflective horizontal 

R= 1/h = 1/4.32 

surface facing up 

= 0.23 

2. Acoustic tile, 19 mm 

0.32 

3. Still air, horizontal surface, 

so 

<N 

OS 

t-H 

II 

II 

facing down 

= 0.11 


Total unit thermal resistance (the R- value) 


0.66 m 2 .°C/W 


• • • • o 

Therefore, the R-value of the hanging ceiling is 0.66 m .°C/W. 
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Review Problems 


3-159E Steam is produced in copper tubes by heat transferred from another fluid condensing outside the 
tubes at a high temperature. The rate of heat transfer per foot length of the tube when a 0.01 in thick layer 
of limestone is formed on the inner surface of the tube is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 Heat transfer coefficients are constant and uniform over the 
surfaces. 


Properties The thermal conductivities are given to be k = 223 
Btu/h-ft-°F for copper tubes and k=\.l Btu/h-ft-°F for 
limestone. 

Analysis The total thermal resistance of the new heat exchanger is 


R 


total, new HX 


Too] 


~AWVW \r 


£?new 


^ool ^oo 2 


R 


total, new 


+ R 


total, new 


^ool ^oo 2 
0new 


(350-250)°F 
2xl0 4 Btu/h 


= 0.005 h.°F/Btu 


After 0.01 in thick layer of limestone forms, the new 
value of thermal resistance and heat transfer rate are 
determined to be T 

J- CO 1 


D 

-^limestone, i 


ln(0.5/0.49) 


In 0j /r f ) = 

2 nkL ~ 2^(1 .7 Btu/h.ft.°F)(l ft) 


= 0.00189 h°F/Btu 


R 


total, w/lime 


*,otal,new + ^limestone,! = 0.005 +0.00189 = 0.00689 h°F/BtU 


-^limestone -^total, new HX 

AW\rAWWW r ” 2 


£?w/lime 


T ^ 2 = ( 3 50-250)°F =145x1q4 (adeclineof 27%) 

^ total, w/lime 0.00689 h°F/BtU 


Discussion Note that the limestone layer will change the inner surface area of the pipe and thus the internal 
convection resistance slightly, but this effect should be negligible. 
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3-160E Steam is produced in copper tubes by heat transferred from another fluid condensing outside the 
tubes at a high temperature. The rate of heat transfer per foot length of the tube when a 0.01 in thick layer 
of limestone is formed on the inner and outer surfaces of the tube is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 Heat transfer coefficients are constant and uniform over the 
surfaces. 


Properties The thermal conductivities are given to be k = 223 
Btu/h-ft-°F for copper tubes and k=\.l Btu/h-ft-°F for limestone. 

Analysis The total thermal resistance of the new heat exchanger is 


total, new HX 

^ ^WVW\r r. 


0new 


^ool ^00 2 


R 


total, new 


+ R 


total, new 


T 30 1 ^oo 2 

Snew 


(350-250)°F 
2xl0 4 Btu/h 


= 0.005 h.°F/Btu 


After 0.01 in thick layer of limestone forms, the new value of thermal resistance and heat transfer rate are 
determined to be 

^limestone, i total, new HX ^limestone o 


D 

^limestone, i 


D 

limestone, i 


ln(0.5/0.49) 


In (r x In) = 

2 nkL 2n(\ .7 Btu/h.ft.°F)(l ft) 
In (r 0 /r 2 ) ln(0.66/0.65) 


2 nkL 2n{\ .7 Btu/h.ft.°F)(l ft) 


= 0.00189 h.°F/Btu 
= 0.00143 h.°F/Btu 


R 


total, w/lime 


*,otal,„ew + ^limcstone.i + ^limestone* = 0-005 + 0.00189 + 0.00143 = 0.00832 h.°F/BtU 


Q w/lime 


Tro\ T „ 2 


R 


total, w/lime 


^ = 1.20 x 10 4 Btu/h (a decline of 40%) 
0.00832 h°F/Btu 


Discussion Note that the limestone layer will change the inner surface area of the pipe and thus the internal 
convection resistance slightly, but this effect should be negligible. 
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3-161 A cylindrical tank filled with liquid propane at 1 atm is exposed to convection and radiation. The 
time it will take for the propane to evaporate completely as a result of the heat gain from the surroundings 
for the cases of no insulation and 5 -cm thick glass wool insulation are to be determined. 

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 The combined heat transfer 
coefficient is constant and uniform over the entire surface. 4 The temperature of the thin-shelled spherical 
tank is said to be nearly equal to the temperature of the propane inside, and thus thermal resistance of the 
tank and the internal convection resistance are negligible. 

Properties The heat of vaporization and density of liquid propane at 1 atm are given to be 425 kJ/kg and 

T. •• •••• 

581 kg/m , respectively. The thermal conductivity of glass wool insulation is given to be k = 0.038 
W/m-°C. 

Analysis ( a ) If the tank is not insulated, the heat transfer rate is determined to be 
^4 tank = ftDL + 27i(7iD 2 / 4) = ^(1.2m)(6m) + 2^(1.2m) 2 / 4 = 24.88m 2 

Q = Hank (T^i - T xl ) = (25 W/m 2 .°C)(24.88 m 2 )[30 - (-42)]°C = 44.787 W 
The volume of the tank and the mass of the propane are 
(/ = 7ir 2 L = 7r( 0.6 m) 2 (6 m) = 6.786 m 3 
m = pV = (581 kg/m 3 )(6.786m 3 ) =3942.6 kg 
The rate of vaporization of propane is 

Q 44.787 kJ/s 


A 

\ 


Propane 


tank, -42°C 

V2 

J 


Q = mh f — » m = 


h fg 425 kJ/kg 


= 0.1 054 kg/s 


R 


ins. ends 


rVWVt R 


Then the time period for the propane tank to empty becomes 

3942.6 kg 


T. -A 


^conv, o 


A m 
At = — = 


m 0.1 054 kg/s 


= 37,4 1 3 s = 10.4 hours 


AWv 

-/^sins, sides 


■MMr Fo 


( b ) We now repeat calculations for the case of insulated tank with 5 -cm thick insulation. 

D 2 /4) = ;r(1.3m)(6 
1 1 


A 0 = nDL + 2n{nD 2 14) = ;r(1.3m)(6m) + 2;r(1.3m) 2 / 4 = 27.16m 2 


R 


conv.o , . o o 

h„A„ (25 W/m 2 .°C)(27.16m 2 ) 


O O 


D 

^insulation,side 


ln(r 2 / r x ) 


ln(65 / 60) 


D _ O 

^insulation, ends — ^ 


IjfkL 
L 
kA, 


2^(0.038 W/m.°C)(6 m) 
2x0.05 m 


= 0.001473 °C/W 
= 0.05587 °C/W 
= 2.1444 °C/W 


‘avg (0.038 W/m.°C)[^(1.25 m) / 4] 

Noting that the insulation on the side surface and the end surfaces are in parallel, the equivalent resistance 
for the insulation is determined to be 


D 


insulation 


1 


D 

y ^insulation, side 


1 


-1 


D 

■''•insulation, ends j 


1 


1 




-1 


0.05587 °C/W 2.1444 °C/W 


= 0.05445 °C/W 


Then the total thermal resistance and the heat transfer rate become 

I n _ a 

' • fV insulation u 

[30 - (-42)]°C 


^ total =^conv,o+^ in sulation = 0.001473 + 0.05445 = 0.05592 °C/W 


. T -T 
Q= - 5 


R 


total 


0.05592 °C/W 


= 1288 W 


Then the time period for the propane tank to empty becomes 

a • j Q 1.288 kJ/s 

Q = mh — » m = = 0.00303 1 kg/s 

f§ h fg 425 kJ/kg 

yyi 3942 6 ks? 

At = — = : = 1.301 xlO 6 s = 361.4 hours = 15.1 days 

m 0.003031 kg/s 
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3-162 Hot water is flowing through a 15-m section of a cast iron pipe. The pipe is exposed to cold air and 
surfaces in the basement, and it experiences a 3°C-temperature drop. The combined convection and 
radiation heat transfer coefficient at the outer surface of the pipe is to be determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any significant change with time. 2 
Heat transfer is one-dimensional since there is thermal symmetry about the centerline and no significant 
variation in the axial direction. 3 Thermal properties are constant. 


Properties The thermal conductivity of cast iron is given to be k = 52 W/m-°C. 

Analysis Using water properties at room temperature, the mass flow rate of 
water and rate of heat transfer from the water are determined to be 

m = pO c = pVA c = (1000kg/m 3 )(1.5m/s)[^(0.03) 2 / 4jm 2 = 1.06 kg/s 

Q = mc p AT = (1 .06 kg/s)(4 180 J/kg.°C)(70 - 67)°C = 13,296 W 


The thermal resistances for convection in the pipe and 
the pipe itself are 

ln(r 2 !r x ) 


R 


conv ,i 


R 


pipe 


R 


combined ,o 


D 

pipe 


R 


IjikL 

ln(1.75/1.5) 

2^(52 W/m.°C)(15m) 

1 1 


7 - 1 - 7 WVV\MrM/W\MH/W^ 


T- 


co2 


= 0.00003 1°C/W 


conv,i 


Ml (400 W/m 2 .°C)[;r(0.03)(15)]m 


= 0.001768 °CAV 


Using arithmetic mean temperature (70+67)72 = 68.5°C for water, the heat transfer can be expressed as 


T -T 

q_ oo,l, ave co2 


T _ T 

oo,l ,ave co2 


T _ T 

<x>,\,ave oo2 


R 


total 


D I D I D 1 

^conv,! ' ^pipe ' ^combined^ p \ D j 

•* v conv,i ' -* v pipe ' ^ 


A 

combined o 


Substituting, 13,296 W = 


(68.5 -15)°C 


(0.00003 1 °C/W) + (0.001768 °C/W) + 


1 


^combined [■^'(0.035)(15)]m 


Solving for the combined heat transfer coefficient gives 


^combined = 272.5 W/lTI ,°C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



3-106 


3-163 An 10-m long section of a steam pipe exposed to the ambient is to be insulated to reduce the heat 
loss through that section of the pipe by 90 percent. The amount of heat loss from the steam in 10 h and the 
amount of saved per year by insulating the steam pipe. 

Assumptions 1 Heat transfer through the pipe is steady and one-dimensional. 2 Thermal conductivities are 
constant. 3 The furnace operates continuously. 4 The given heat transfer coefficients accounts for the 
radiation effects. 5 The temperatures of the pipe surface and the surroundings are representative of annual 
average during operating hours. 6 The plant operates 110 days a year. 

Analysis The rate of heat transfer for the uninsulated case is 


r air =8°c 


A 0 = nD 0 L = tt( 0.12 m)(10m) = 3.77 m 2 

Q = hA 0 (T s - T air ) = (35 W/m 2 .°C)(3.77 m 2 )(82 - 8)°C = 9764 W 
The amount of heat loss during a 10-hour period is 

Q = QAt = (9.764 kJ/s)(10x 3600 s) = 3.515x10 s kj (per day) 


T =82°C 




Steam pipe 


The steam generator has an efficiency of 85%, and steam heating is used for 110 days a year. Then the 
amount of natural gas consumed per year and its cost are 


Fuel used = 


3.515xl0 5 kJ A 


0.85 


1 therm 


(110 days/yr) = 43 1 .2 therms/yr 


105,500 kJ 

Cost of fuel = (Amount of fuel)(Unit cost of fuel) 

= (431.2 therms/yr)($ 1.20/therm) = $517.4/yr 
Then the money saved by reducing the heat loss by 90% by insulation becomes 
Money saved = 0.9 x (Cost of fuel) = 0.9x$517.4/yr = $466 


3-164 A multilayer circuit board dissipating 27 W of heat consists of 4 layers of copper and 3 layers of 
epoxy glass sandwiched together. The circuit board is attached to a heat sink from both ends maintained at 
35 °C. The magnitude and location of the maximum temperature that occurs in the board is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer can be approximated as being one- 
dimensional. 3 Thermal conductivities are constant. 4 Heat is generated uniformly in the epoxy layers of 
the board. 5 Heat transfer from the top and bottom surfaces of the board is negligible. 6 The thermal 
contact resistances at the copper-epoxy interfaces are negligible. 

Properties The thermal conductivities are given to be k = 386 W/m-°C for copper layers and k = 0.26 
W/m-°C for epoxy glass boards. 

Analysis The effective conductivity of the multilayer circuit board is first determined to be 


(*0 copper = 4[(386 W/m.°C)(0.0002 m)] = 0.3088 W/°C 
(fa) epoxy = 3[(0.26 W/m. °C)(0. 0015 m)] = 0.001 17 W/°C 

- (kt) copper + (kt) 

epoxy _ (0.3088 + 0.001 17)W/°C 
e<] Copper +*epoxy [4(0.0002) + 3(0.0015)m 


The maximum temperature will occur at the midplane of the board that is the 
farthest to the heat sink. Its value is 


A = 0.18[4(0.0002) + 3(0.0015)] = 0.000954 m 2 

q=^A-( Ti -t 2 ) 

„ =ri= r, + -^ = 35°C + (27 / 2 W)(0.18/ 2 m) 

k eff A (58.48 W/m.°C)(0.000954m 2 ) 


56.8°C 


Copper 



Epoxy 
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3-165 The plumbing system of a house involves some section of a plastic pipe exposed to the ambient air. 
The pipe is initially filled with stationary water at 0°C. It is to be determined if the water in the pipe will 
completely freeze during a cold night. 

Assumptions 1 Heat transfer is transient, but can be treated as steady since the water temperature remains 
constant during freezing. 2 Heat transfer is one-dimensional since there is thermal symmetry about the 
centerline and no variation in the axial direction. 3 Thermal properties of water are constant. 4 The water in 
the pipe is stationary, and its initial temperature is 0°C. 5 The convection resistance inside the pipe is 
negligible so that the inner surface temperature of the pipe is 0°C. 

Properties The thermal conductivity of the pipe is given to be k = 0. 16 W/m-°C. The density and latent heat 
of fusion of water at 0°C are p = 1000 kg/m 3 and h lf = 333.7 kJ/kg (Table A-9). 


Analysis We assume the inner surface of the pipe to be at 0°C at all times. The thermal resistances involved 
and the rate of heat transfer are 


R _ ln(r 2 / r x ) ln(1.2/l) 

pipe 2 nkL 2^(0. 16 W/m.°C)(0.5 m) 


R 


1 


1 


conv,o 


h a A (40 W/m 2 .°C)[;r(0.024 m)(0.5 m)] 


= 0.3627 °C/W 
= 0.663 1°CAV 


^ total = tfptpe + ^conv.o = 0.3627 + 0.663 1 = 1 .0258 °C/W 


Q = 


T A ^oo 2 


[0-(-5)]°C 


= 4.874 W 


R toVdl 1.0258 °C/W 
The total amount of heat lost by the water during a 14-h period that night is 


T au - = -5°C 


Water pipe 


Soil 


Q = QAt = (4.874 J/s)( 14x3600 s) = 245.7 kJ 


The amount of heat required to freeze the water in the pipe completely is 

m - pi/ = pm' 2 L - (1000kg/m 3 );r(0.01m) 2 (0.5 m) =0.157 kg 
Q = mh fg = (0.157 kg)(333.7 kJ/kg) = 52.4 kJ 

The water in the pipe will freeze completely that night since the amount heat loss is greater than the 
amount it takes to freeze the water completely (245.7 > 52.4) . 
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3-166 The plumbing system of a house involves some section of a plastic pipe exposed to the ambient air. 
The pipe is initially filled with stationary water at 0°C. It is to be determined if the water in the pipe will 
completely freeze during a cold night. 

Assumptions 1 Heat transfer is transient, but can be treated as steady since the water temperature remains 
constant during freezing. 2 Heat transfer is one-dimensional since there is thermal symmetry about the 
centerline and no variation in the axial direction. 3 Thermal properties of water are constant. 4 The water in 
the pipe is stationary, and its initial temperature is 0°C. 5 The convection resistance inside the pipe is 
negligible so that the inner surface temperature of the pipe is 0°C. 

Properties The thermal conductivity of the pipe is given to be k = 0. 16 W/m-°C. The density and latent heat 
of fusion of water at 0°C are p = 1000 kg/m 3 and h lf = 333.7 kJ/kg (Table A-9). 

Analysis We assume the inner surface of the pipe to be at 0°C at all times. The thermal resistances involved 
and the rate of heat transfer are 



R 


conv,o 



Q 

Q 


In (r 2 /r { ) ln(1.2/l) 

2 nkL 2^(0. 16 W/m.°C)(0.5 m 2 ) 

1 1 


h 0 A 

(10 W/m 

R 

+ R 

pipe 

conv,o 

Tool- 

-T x2 [0- 


2 ot 


= 0.3627 °C/W 


= 2.6526 °C/W 


R 


total 


[0-(-5)]°C 
3.0153 °C/W 


= 1.658 W 


QAt = (1.658 J/s)( 14x3600 s) = 83.57 kJ 


r air = -5°c 


Water pipe 


Soil 


The amount of heat required to freeze the water in the pipe completely is 
m - pV - pm' 2 L = (1000kg/m 3 );r(0.01m) 2 (0.5 m) = 0.157 kg 


Q - mhj g = (0. 157 kg)(333.7 kJ/kg) = 52.4 kJ 

The water in the pipe will freeze completely that night since the amount heat loss is greater than the 
amount it takes to freeze the water completely (83.57 > 52.4) . 
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3-167E The surface temperature of a baked potato drops from 300°F to 200°F in 5 minutes in an 
environment at 70°F. The average heat transfer coefficient and the cooling time of the potato if it is 
wrapped completely in a towel are to be determined. 

Assumptions IThermal properties of potato are constant, and can be taken to be the properties of water. 2 
The thermal contact resistance at the interface is negligible. 3 The heat transfer coefficients for wrapped 
and unwrapped potatoes are the same. 

Properties The thermal conductivity of a thick towel is given to be k = 0.035 Btu/h-ft-°F. We take the 
properties of potato to be those of water at room temperature, p = 62.2 lbm/ft 3 and c p = 0.998 Btu/lbm-°F. 

Analysis This is a transient heat conduction problem, and the rate of heat transfer will decrease as the 
potato cools down and the temperature difference between the potato and the surroundings decreases. 
However, we can solve this problem approximately by assuming a constant average temperature of 
(300+200)/2 = 250°F for the potato during the process. The mass of the potato is 


U 4 3 

m = pv - p — jvr' 

3 

= (62.2 lbm/ft 3 )^tt( 1.5/12 ft) 3 
= 0.5089 lbm 



R 


towel 


R, 


Potato )^WWWWW\r 


T 

rt 


The amount of heat lost as the potato is cooled from 300 to 200°F is 

Q = me p AT = (0.5089 lbm)(0.998Btu/lbm.°F)(300- 200 )°F = 50.8 Btu 

The rate of heat transfer and the average heat transfer coefficient between the potato and its surroundings 
are 


Q = — = 50,8 BtU = 609.6 Btu/h 
At (5/60 h) 

Q - hA a (T s —T m ) >h = 


Q 


609.6 Btu/h 


17.2 Btu/h.ft.F 


A 0 (T s -T k ) ;r(3/ 1 2 ft) 2 (250 - 70)°F 

When the potato is wrapped in a towel, the thermal resistance and heat transfer rate are determined to be 


R 


r 2 -r x [(1 .5 + 0. 12) / 12]ft -(1.5/ 12)ft 


towel 


R 


conv 


4 ±r x r 2 4^(0.035 Btu/h.ft.°F)[(l .5 + 0. 12) / 12]ft(l .5 / 12)ft 

— = — — — = 0.2539 h.°F/Btu 

hA (17.2 Btu/h. ft 2 .°F) ^-(3. 24/ 12) 2 ft 2 


= 1.3473 h°F/Btu 


total =^towei+^conv = 1 -3473 + 0.2539 = 1 .6012 h°F/Btu 


. T -T 

Q= 3 00 


R 


total 


(250-70)°F 
1.6012 h°F/Btu 


= 1 12.4 Btu/h 



50.8 Btu 
112.4 Btu/h 


= 0.452 h = 27.1 min 


This result is conservative since the heat transfer coefficient will be lower in this case because of the 
smaller exposed surface temperature. 
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3-168E The surface temperature of a baked potato drops from 300°F to 200°F in 5 minutes in an 
environment at 70°F. The average heat transfer coefficient and the cooling time of the potato if it is loosely 
wrapped completely in a towel are to be determined. 

Assumptions IThermal properties of potato are constant, and can be taken to be the properties of water. 2 
The heat transfer coefficients for wrapped and unwrapped potatoes are the same. 

Properties The thermal conductivity of a thick towel is given to be k = 0.035 Btu/h-ft-°F. The thermal 
conductivity of air is given to be k = 0.015 Btu/h-ft-°F. We take the properties of potato to be those of water 
at room temperature, p = 62.2 lbm/ft 3 and c p = 0.998 Btu/lbm-°F. 

Analysis This is a transient heat conduction problem, and the rate of heat transfer will decrease as the 
potato cools down and the temperature difference between the potato and the surroundings decreases. 
However, we can solve this problem approximately by assuming a constant average temperature of 
(300+200)/2 = 250°F for the potato during the process. The mass of the potato is 


IJ 4 3 

m = p v = p — nr 
3 

= (62.2 lbm/ft 3 ) — ^-(1.5 /12 ft) 3 


= 0.5089 lbm 


T s R. dk R 


towel 


R, 


^WW 7WV" 


The amount of heat lost as the potato is cooled from 300 to 200°F is 

Q = me p AT = (0.5089 lbm)(0.998Btu/lbm.°F)(300-200)°F = 50.8 Btu 


The rate of heat transfer and the average heat transfer coefficient between the potato and its surroundings are 



50.8 Btu 
(5 / 60 h) 


= 609.6 Btu/h 


Q = hA o (T s -T 00 ) 


>h = 


Q 

A 0 (T s - T x ) 


609.6 Btu/h 

7t(3/ 1 2 ft) 2 (250 - 70)°F 


17.2 Btu/h.ft 2 .°F 


When the potato is wrapped in a towel, the thermal resistance and heat transfer rate are determined to be 



R 


towel 


R 


conv 


R 


total 


r 2 -r x [(1 .50 + 0.02) / 1 2]ft - (1 .50 / 1 2)ft 

~ 4 7Tkr x r 2 ~ 4^(0.015 Btu/h.ft.°F)[(1.50 + 0.02) / 1 2]ft(l .50/1 2)ft ~ 
r 3 -r 2 _ [(1 .52 + 0.12) / 12]ft - (1.52 / 12)ft 

~ 4 nkr 2 r 3 ~ 4^(0.035 Btu/h.ft.°F)[(l. 52 + 0.12) /12]ft(l. 52/ 12)ft ~ 

= — = = 0.2477 h.°F/Btu 

hA (17.2 Btu/h.ft 2 .°F)^(3.28 / 12) 2 ft 2 

= R air + £ towel + R conv = 0.5584 + 1 .3 1 34 + 0.2477 = 2.1195 h°F/Btu 


0.5584 h.°F/Btu 
1.3134 h°F/Btu 





total 


(250-70)°F 
2.1195 h.°F/Btu 


= 84.9 Btu/h 


. Q 50.8 Btu 

At = 4- = 

Q 84.9 Btu/h 


0.598 h = 35.9 min 


This result is conservative since the heat transfer coefficient will be lower because of the smaller exposed 
surface temperature. 
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3-169 An ice chest made of 3-cm thick styrofoam is initially filled with 45 kg of ice at 0°C. The length of 
time it will take for the ice in the chest to melt completely is to be determined. 

Assumptions 1 Heat transfer is steady since the specified thermal conditions at the boundaries do not 
change with time. 2 Heat transfer is one-dimensional. 3 Thermal conductivity is constant. 4 The inner 
surface temperature of the ice chest can be taken to be 0°C at all times. 5 Heat transfer from the base of the 
ice chest is negligible. 

Properties The thermal conductivity of styrofoam 
is given to be k = 0.033 W/m-°C. The heat of 
fusion of water at 1 atm is hy = 333.7 kJ/kg . 


R 


chest 


R, 


,<<<<<<<<, 

>>>>>>>>> 

<<<<<<<< 

>>>>>>>>> 

>>>>>>>>> 

*<<<<<<< 

>>>>>>>>> 

*<<<<<<< 

>>>>>>>>> 


AWVWWWr 


T 

ct 


Analysis Disregarding any heat loss through the 
bottom of the ice chest, the total thermal resistance 
and the heat transfer rate are determined to be 

A t = 2(0.3 - 0.03X0.4 - 0.06) + 2(0.3 - 0.03)(0.5 - 0.06) + (0.4 - 0.06)(0.5 - 0.06) = 0.5708 m 

A 0 = 2(0.3)(0.4) + 2(0.3)(0.5) + (0.4)(0.5) = 0.74 m 2 
L 0.03 m 


R 


chest 


R 


conv 


kA/ 

1 

hA„ 


= 1.5927 °C/W 


(0.033 W/m.°C)(0.5708 m 2 ) 
1 


(18 W/m 2 .°C)(0.74 m 2 ) 


= 0.07508 °C/W 


R 


total 


= i? chest + R conv = 1.5927 + 0.07508 = 1.6678 °C/W 


. T -T 
Q= s ™ 


R 


total 


(28-0)°C 
1.6678 °C/W 


= 16.79 W 


The total amount of heat necessary to melt the ice completely is 
Q = mh if = (50 kg)(333.7 kJ/kg) = 16,685 kJ 

Then the time period to transfer this much heat to the cooler to melt the ice completely becomes 
Q 16,685,000 J 


At = -=r = 

Q 


16.79 J/s 


= 9.937 x 10" s = 276 h = 1 1 .5 days 
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3-170 A wall is constructed of two large steel plates separated by 1-cm thick steel bars placed 99 cm apart. 
The remaining space between the steel plates is filled with fiberglass insulation. The rate of heat transfer 
through the wall is to be determined, and it is to be assessed if the steel bars between the plates can be 
ignored in heat transfer analysis since they occupy only 1 percent of the heat transfer surface area. 

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer 
through the wall can be approximated to be one-dimensional. 3 Thermal conductivities are constant. 4 The 
surfaces of the wall are maintained at constant temperatures. 

Properties The thermal conductivities are given to be k = 15 W/m-°C for steel plates and k = 0.035 W/m-°C 
for fiberglass insulation. 

Analysis We consider 1 m high and 1 m wide portion of the wall which is representative 
of entire wall. Thermal resistance network and individual resistances are 


T\ 


Rx 

AAA/- 


r 2 

AA/V 

AA/V 

R 


R. 


AAA / — Ti 


R\ R^ ^steel 


L 


0.02 m 


kA (15 W/m.°C)(l m 2 ) 


= 0.00133 °C/W 


2 cm, 20 cm 


2 cm, 


Rl R steel 


L 


0.2 m 


R — R 

^3 — ^insulation 

1 1 1 


kA (15 W/m.°C)(0.01 m 2 ) 
L 0.2 m 


kA (0.035 W/m.°C)(0.99m 2 ) 
1 1 


= 1.333 °C/W 

= 5.772 °C/W 


>R eqv = 1.083 °C/W 


R eqv Ri R 3 1-333 5.772 
i? t ota i = R\ +^eqv + ^4 = 0.001 33 + 1 .083 + 0.001 33 = 1 .0857 °C/W 

The rate of heat transfer per nr surface area of the wall is 
AT 22 °C 


0 = 


R t0Ud 1.0857 °C/W 


= 20.26 W 



The total rate of heat transfer through the entire wall is then determined to be 
Q total = (4 X 6)0 = 24(20.26 W) = 486.2 W 


If the steel bars were ignored since they constitute only 1 % of the wall section, the R equiw would simply be 
equal to the thermal resistance of the insulation, and the heat transfer rate in this case would be 



AT 

R total 


AT 

R\ ^insulation ^4 


22 °C 

(0.00 1 33 + 5 .772 + 0.00 1 33)°C/W 


= 3.81 W 


which is mush less than 20.26 W obtained earlier. Therefore, (20.26-3.8 1)/20. 26 = 81.2% of the heat 
transfer occurs through the steel bars across the wall despite the negligible space that they occupy, and 
obviously their effect cannot be neglected. The connecting bars are serving as “thermal bridges.” 
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3-171 A circuit board houses electronic components on one side, dissipating a total of 15 W through the 
backside of the board to the surrounding medium. The temperatures on the two sides of the circuit board 
are to be determined for the cases of no fins and 20 aluminum fins of rectangular profile on the backside. 

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies 
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the 
circuit board, and is dissipated from the backside of the board. 4 Heat transfer from the fin tips is 
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The 
thermal properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of 
radiation from the fins. 


Properties The thermal conductivities are given to be k = 12 W/m-°C for the circuit board, k = 237 W/m-°C 
for the aluminum plate and fins, and k = 1.8 W/m*°C for the epoxy adhesive. 


Analysis ( a ) The thermal resistance of the board and the 
convection resistance on the backside of the board are 


R 


L 


0.002 m 


board 


R 


kA (12 W/m.°C)(0.1 m)(0.15 m) 
1 1 


conv 


hA (45 W/m.°C)(0.1 m)(0.15 m) 


= 0.01 1 °CAV 


= 1.481 °C/W 


R 


total 


Aboard + *conv =0.011+1.481 = 1 .492 °C/W 


r, 


^ board ^conv 

AVWWVAWWVV- 

7 2 


Then surface temperatures on the two sides of the circuit board becomes 


Q = 


Tx~T a o 


R 


■» r, = T n + QR total = 37°C + ( 1 5 W)( 1 .492 °C/W) = 59.4°C 


total 


■ Ty ~T 0 
Q = ~ — - 


R 


+ T 2 =T x - 2^ board = 59.4°C-(15 W)(0.011°C/W) = 59.2°C 


board 


(. b ) Noting that the cross-sectional areas of the fins are constant, the 
efficiency of these rectangular fins is determined to be 


m = 


hp ~ h(2w) 

kA r V k(tw) 


2 h 


2(45 W/m 2 .°C) 


kt \) (237 W/m.°C)(0.002 m) 

-l 


= 13.78 m 


-l 


tanh mL tanh(13.78m' x 0.02 m) 

7 fin = = : = 0-975 


mL 


13.78 m 1 x0.02m 


The finned and unfinned surface areas are 

Arnned = (20)2w 


(r 0 


f 0.002 ) 

L + — 

= (20)2(0.15) 

0.02 + 

v 2 J 

v 2 ) 


= 0.126m 


R 


Tx 


^unfinned = (0. 1)('0. 1 5) - 20(0.002 )(0. 1 5) = 0.0090 m 

Then, 

Sfinned = 7 fin 2 fin, max = 7 fin ^ fin (^base ~ ^oo ) 

Q unfinned — ^-^unfinned (^base ^oo ) 

2 total = Sunfinned + Sfinned = ^(^base _ ^oo )( 7 /fm ^fin + ^ unfinned ) 

Substituting, the base temperature of the finned surfaces is determined to be 

2 total 


aluminum - tv epoxy 


Rr 



2 cm 



- 








- 








- 








- 









Runt 


board 


4 /VWV»MWVfr 


T 

i n 


T — T 4 - 

M base x oo 1 


^(^fin^fin + ^ unfinned ) 


= 37°C + 


15 W 


(45 W/m 2 .°C)[(0.975)(0. 1 26 m 2 ) + (0.0090 m 2 )] 


= 39.5°C 
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Then the temperatures on both sides of the board are determined using the thermal resistance network to be 


R 


aluminum 


R 


epoxy 


L 

kA 

L_ 

kA 


0.001m 

(237 W/m.°C)(0. 1 m)(0. 1 5 m) 
0.0003 m 

(1.8 W/m.°C)(0. 1 m)(0. 1 5 m) ' 


= 0.00028 °C/W 
= 0.0111 1°C/W 


A ^l-^base (T\-39SfC 

^aluminum + poxy + *board (0.00028 + 0.01111 + 0.011) °C/W 

> r, = 39.5°C + (15 WX0.02239 °C/W) = 39.8°C 

Q= T '~ Tl >T 2 =T l -QR boaii = 39.8°C-(15 W)(0.011°CAV) = 39.6°C 

^ board 
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3-172 A circuit board houses electronic components on one side, dissipating a total of 15 W through the 
backside of the board to the surrounding medium. The temperatures on the two sides of the circuit board 
are to be determined for the cases of no fins and 20 copper fins of rectangular profile on the backside. 

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies 
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the 
circuit board, and is dissipated from the backside of the board. 4 Heat transfer from the fin tips is 
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The 
thermal properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of 
radiation from the fins. 


Properties The thermal conductivities are given to be k = 12 W/m-°C for the circuit board, k = 386 W/m-°C 
for the copper plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive. 

Analysis (a) The thermal resistance of the board and the 

convection resistance on the backside of the board are Aboard ^conv 


R 


L 


0.002 m 


board 


R 


kA (12 W/m.°C)(0.1 m)(0.15 m) 
1 1 


conv 


= 0.01 1 °c/w 

= 1.481 °C/W 


T\ 


1 1 


R 


total 


hA (45 W/m.°C)(0. 1 m)(0. 1 5 m) 

= Aboard + ^conv =0.011 + 1 .48 1 = 1 .492 °C/W 


Then surface temperatures on the two sides of the circuit board becomes 


Q = 


T\ —T x 


R 


■»7\ = T n + QR tot!i \ = 37°C + (15 W)(1.492°C/W) = 59.4°C 


total 


• T\ -T 7 
Q = -=- — - 


R 


+ T 2 = T { -QR hoard = 59.4°C - (15 W)(0.01 1 °CAV) = 59.2°C 


board 


(. b ) Noting that the cross-sectional areas of the fins are constant, 
the efficiency of these rectangular fins is determined to be 


m = 


hp ~ h(2w) 

kA r Al k(tw) 


2 h 


kt \ 


2(45 W/m 2 .°C) 


(386 W/m.°C)(0.002 m) 


= 10.80 m 


-1 


tanh mL tanh(10.80 m' 1 x0.02 m) ^ 

7 fin = = : = °- 985 


mL 


10.80 m’ 1 x 0.02 m 


The finned and unfinned surface areas are 

^firmed = (20)2w 


Then, 


( o 


( 0.002^ 

2 IT 

L + - 

= (20)2(0.15) 

0.02 + 

= 0.126 m 2 1L 

v 2 ) 

v 2 J 



^ unfinned = (0. 1)(0. 15) - 20(0.002)(0. 15) = 0.0090 m 2 

^finned — 7fin^fin,max — 7fin ^^fin (^base — ^oo ) 

^unfinned — ^A un finned (^base ^oo ) 

2 total = 2 unfinned + 2finned = ^(^base “ ^oo )(7fm ^fin + ^unfinned ) 



2 cm 



- 








- 








- 








- 






' 
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Substituting, the base temperature of the finned surfaces determine to be 

Q total 


T — T 4 - 

base i oo ' 


^(*7 fin ^fin + ^ unfinned ) 


= 37°C + 


15 W 


(45 W/m 2 .°C)[(0.985)(0.126 m 2 ) + (0.0090 m 2 )] 


= 39.5°C 


Then the temperatures on both sides of the board are determined using the thermal resistance network to be 


-^copper -^epoxy 


Rhcs 


board 


Ti 


-WttWHrWMr 


T 

i ci. 


R 


copper 


R 


epoxy 


L 

kA 

L_ 

kA 


0.001m 

(386 W/m.°C)(0. 1 m)(0. 1 5 m) 
0.0003 m 

(1 .8 W/m.°C)(0. 1 m)(0. 15 m) 


= 0.00017 °CAV 
0.01111°CAV 


a T x -T base (7j-39.5)°C 

^copper + ^epoxy + ^board (0.00017 + 0.01 1 1 1 + 0.01 1) °C/W 

> r, = 39.5°C + (15 WX0.02228 °C/W) = 39.8°C 

Q= T '~ Tl >T 2 =7 \-QR hoMd = 39.8°C-(15 W)(0.011°C/W) = 39.6°C 

^board 
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3-173 Steam passes through a row of 10 parallel pipes placed horizontally in a concrete floor exposed to 
room air at 20 °C with a heat transfer coefficient of 12 W/m .°C. If the surface temperature of the concrete 
floor is not to exceed 35 °C, the minimum burial depth of the steam pipes below the floor surface is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the concrete is constant. 


Properties The thermal conductivity of concrete is given to be k = 0.75 W/m-°C. 

Analysis In steady operation, the rate of heat loss from the 
steam through the concrete floor by conduction must be 
equal to the rate of heat transfer from the concrete floor to 
the room by combined convection and radiation, which is 
determined to be 

Q - hA s (T s -T x ) 

= (12 W/m 2 .°C)[(10 m)(5 m)](35 - 20)°C = 9000 W 

Then the depth the steam pipes should be buried can be 
determined with the aid of shape factor for this 
configuration from Table 3-7 to be 



Q = nSk(T x -T 2 ) 


->S = 


Q 


9000 W 


nk(T x -T 2 ) 10(0.75 W/m.°C)(145-35)°C 


= 10.91 m 


(per pipe) 


a 10m i „ . 

w = — = = 1 m (center - to - center distance ol pipes) 

n 10 


S = 


2 tzL 


r 2 w . , 2 


In 


sinh 
nD w 


10.91 m = 


2^(5 m) 


In 


2(lm) . , 2 Tiz 

sinh 


^■(0.06 m) (lm) 


■» z = 0.205 m = 20.5 cm 
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3-174 Two persons are wearing different clothes made of different materials with different surface areas. 
The fractions of heat lost from each person’s body by perspiration are to be determined. 

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are 
constant. 4 Heat transfer by radiation is accounted for in the heat transfer coefficient. 5 The human body is 
assumed to be cylindrical in shape for heat transfer purposes. 

Properties The thermal conductivities of the leather and synthetic fabric are given to be k = 0.159 W/m-°C 
and k = 0. 13 W/m-°C, respectively. 

Analysis The surface area of each body is first determined from 
A, = nDL 12 = rc( 0.25 m)( 1 .7 m)/2 = 0.6675 m 2 
A 2 =2 A, =2x0.6675 = 1.335 m 2 

The sensible heat lost from the first person’s body is 

L 0.001 m p r 


R 


leather 


R 


kA (0. 159 W/m.°C)(0.6675 m 2 ) 
1 1 


= 0.00942 °C/W 


leather 


R, 


T ' -^VWWVWr r 


co2 


conv 


hA (15 W/m 2 .°C)(0.6675m 2 ) 


= 0.09988 °C/W 


* total - "^leather + *conv = 0-00942 + 0.09988 = 0. 10930 °C/W 
The total sensible heat transfer is the sum of heat transferred through the clothes and the skin 

(32-30)°C 


^clothes 
2skin “ 


T\ T„ 2 


R 


total 


^l-^oo2 


0.10930°C/W 
(32-30)°C 


= 18.3 W 


= 20.0 W 


R conv 0.0998 8 °C/W 

^sensible = 2clothes + 2skin = 18.3 + 20 = 38.3 W 
Then the fraction of heat lost by respiration becomes 

y* ^ £? respiration _ 6 total ~ ^sensible _ 6Q-38.3 _ ^ 

Q total Q total ^ 

Repeating similar calculations for the second person’s body 

L 0.001m 


Rc\rntUotin 


synthetic 

R 

^ total 


kA (0.13 W/m.°C)(1.335 m 2 ) 
1 1 


“conv 


hA 
= R 


(15 W/m 2 .°C)(1.335 m 2 ) 


= 0.00576 °C/W 


= 0.04994 °C/W 


R* 


synthetic 


R, 




T 


oo2 


leather + ^conv = 0.00576 + 0.04994 = 0.05570 °C/W 


• _ 7^ 2 

^sensible 


R 


total 


(32-30)°C 

0.05570°C/W 


= 35.9 W 


y ^respiration _ 6 total ^sensible _ 60-35.9 _ ^ 


Q total 


Q total 


60 
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3-175 A wall constructed of three layers is considered. The rate of hat transfer through the wall and 
temperature drops across the plaster, brick, covering, and surface-ambient air are to be determined. 

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are 
constant. 4 Heat transfer by radiation is accounted for in the heat transfer coefficient. 

Properties The thermal conductivities of the plaster, brick, and covering are given to be k = 0.72 W/m*°C, 
k = 0.36 W/m-°C, k = 1.40 W/m-°C, respectively. 

Analysis The surface area of the wall and the individual resistances are 

2 


A - (6 m)x (2.8 m) = 16.8 m 


^1 - R plaster 


^2 ~ R brick 


I, 


0.01m 


k x A 


L 


k 2 A 


D _ D 

IX 3 -^covering 


n _ d 

iV o iV conv,2 


L- 


(0.36 W/m.°C)(16.8 m 2 ) 
0.20 m 

(0.72 W/m.°C)(16.8 m 2 ) 
0.02 m 


k 3 A 


h 2 A 


(1.4 W/m.°C)(16.8 m 2 ) 
1 

(17 W/m 2 .°C)(16.8 m 2 ) 


= 0.00165 °C/W 


= 0.01653 °C/W 


= 0.00085 °C/W 



= 0.00350°C/W 


^ total - +P 2 + R 3 + ^conv,2 


= 0.00165 + 0.01653 + 0.00085 + 0.00350 = 0.02253 °CAV 
The steady rate of heat transfer through the wall then becomes 

(23-8)°C 


■m j MHNAWrT' 

Ri R2 R3 R 0 


oo2 


c= 


Tl-T„2 


R toU 0.02253°CAV 


= 665.8 W 


The temperature drops are 

AT plaster = 0i? plaster - (665.8 W)(0.00165°C/W) = 1.1 °C 
AT bnck = QR hnck = (665.8 W)(0.01653°CAV) = 11.0 °C 
A ^covering = ^covering = (665.8 W)(0.00085°C/W) = 0.6 C 
= QR conv = (665.8 W)(0.00350°C/W) = 2.3 °C 


A T 


conv 
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3-176 An insulation is to be added to a wall to decrease the heat loss by 85%. The thickness of insulation 
and the outer surface temperature of the wall are to be determined for two different insulating materials. 

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are 
constant. 4 Heat transfer by radiation is accounted for in the heat transfer coefficient. 

Properties The thermal conductivities of the plaster, brick, covering, polyurethane foam, and glass fiber are 
given to be 0.72 W/m-°C, 0.36 W/m-°C, 1.40 W/m-°C, 0.025 W/m-°C, 0.036 W/m-°C, respectively. 

Analysis The surface area of the wall and the individual resistances are 


A = (6 m) x (2.8 m) = 16.8m 


^1 ^plaster 


~ & brick 


L 


0.01m 


M (0.36 W/m.°C)(16.8 m 2 ) 


= 0.00165 °CAV 


L 


0.20 m 


k 2 A (0.72 W/m.°C)(16.8m 2 ) 


d _ r> 

-*'■3 ^covering 


d _ D 

i '-conv,2 


L, 


0.02 m 


M (1.4 W/m.°C)(16.8 m 2 ) 
1 1 


- 0.01653 °C/W 


= 0.00085 °CAV 


h 2 A (17 W/m 2 .°C)(16.8 m 2 ) 


= 0.00350°CAV 


R 


total, no ins “ ^1 + ^2 + ^3 + ^conv,2 


= 0.00165 + 0.01653 + 0.00085 + 0.00350 
- 0.02253 °CAV 

The rate of heat loss without the insulation is 


Q = 


T, -T, 


oo2 


R 


total, no ins 


(23 - 8)°C 
0.02253 °C/W 


= 666 W 


(a) The rate of heat transfer after insulation is 

Qins =0.15 e noins =0.15x666 = 99.9 W 
The total thermal resistance with the foam insulation is 

total — ^1 ^2 -^3 -^foam -^conv,2 


= 0.02253 °CAV + 


L 


(0.025 W/m.°C)(16.8m 2 ) 

La 

= 0.02253 °CA V + * 

(0.42 W.m/°C) 

The thickness of insulation is determined from 



R. 


Tl ^AArMA/V-^/V\^A/V\rAWV 7x2 


0,ns = 


r , -r 


oo2 


R 


+ 99.9 W = 


(23-8)°C 


total 


0.02253 °C/W 


L 


+ L A = 0.054 m = 5.4 cm 


(0.42 W.m/°C) 

The outer surface temperature of the wall is determined from 

(T 2 - 8)°C 


Qin s = 


^2 ^2 


R 


+ 99.9 W = 


conv 


0.00350 °CAV 


>T 2 = 8.3°C 
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( b ) The total thermal resistance with the fiberglass insulation is 

L co 

L 


^total ^1 ^fiberglass + ^conv,2 


= 0.02253 °C/W + 


= 0.02253 °C/W + 


L, 


(0.036 W/m.°C)(16.8 m ) 

The thickness of insulation is determined from 

(23-8)°C 


(0.6048 W.m/°C) 


Qins = 


T\ Tqo 2 


R 


A 99.9 W = 


total 


0.02253 °C/W 


L, 


■> L 4 = 0.077 m = 7.7 cm 


(0.6048 W.m/°C 
The outer surface temperature of the wall is determined from 

(T 2 -8)°C 


Qi ns = 


^2 ^oo 2 




->99.9 = 


conv 


0.00350°C/W 


->77 = 8.3°C 


Discussion The outer surface temperature is same for both cases since the rate of heat transfer does not 
change. 


3-177 Cold conditioned air is flowing inside a duct of square cross-section. The maximum length of the 
duct for a specified temperature increase in the duct is to be determined. 

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are 
constant. 4 Steady one-dimensional heat conduction relations can be used due to small thickness of the duct 
wall. 5 When calculating the conduction thermal resistance of aluminum, the average of inner and outer 
surface areas will be used. 

Properties The thermal conductivity of aluminum is given to be 237 W/m-°C. The specific heat of air at the 
given temperature is c p - 1006 J/kg-°C (Table A- 15). 

Analysis The inner and the outer surface areas of the duct per unit length and the individual thermal 
resistances are 


A l =4 a x L = 4(0.22 m)(l m) = 0.88 m 
A 2 = 4 a 2 L = 4(0.25 m)(l m) = 1.0 m 2 

A= 1 1 


R, 


R 


alum 


R, 


R 


h x A (75 W/m 2 .°C)(0.88 m 2 ) 
L 0.015 m 


alum 


kA (237 W/m.°C)[(0.88 + 1) / 2] m 2 
1 1 


= 0.01515°C/W 

= 0.00007 °C/W 


r "'-V\AA^WV^WV- T " 2 


R = 

° M (13 W/m 2 .°C)(1.0 m 2 ) 


= 0.07692°CAV 


7? total =^i +^aium + = 0.015 15 + 0.00007 + 0.07692 = 0.09214 °CAV 

The rate of heat loss from the air inside the duct is 


Q= T**-T« = (33 - 12) ° C = 228 W 
^ total 0.092 14°C/W 


For a temperature rise of 1°C, the air inside the duct should gain heat at a rate of 
(7 total = mc p AT = (0.8 kg/s)(1006 J/kg.°C)(l°C) = 805 W 
Then the maximum length of the duct becomes 


L = 


Q total 

—Q 


805 W 
228 W 


3.53 m 
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Ri 


R 


glass 


R, 


Tool 


-AWV — AA/W — 'WW 


T 


oo2 


3-178 Heat transfer through a window is considered. The percent error involved in the calculation of heat 
gain through the window assuming the window consist of glass only is to be determined. 

Assumptions 1 Heat transfer is steady. 2 Heat transfer is 
one-dimensional. 3 Thermal conductivities are constant. 

4 Radiation is accounted for in heat transfer 
coefficients. 

Properties The thermal conductivities are given to be 
0.7 W/m-°C for glass and 0.12 W/m-°C for pine wood. 

Analysis The surface areas of the glass and the wood 
and the individual thermal resistances are 

.Tgia S s = 0.85(1.5 m)(2 m) = 2.55 m 2 A woo d = 0.15(1.5 m)(2 m) = 0.45 m 

1 1 




R 


wood 


R, 


Tool 


^VWWYWV^WV- 


T, 


oo2 


R: 


i, glass 


R: 


^1*^ glass 

1 


(7 W/m 2 .°C)(2.55 m 2 ) 


= 0.05602°C/W 


i,wood 


Mwood (7 W/m 2 .°C)(0.45 m 2 ) 


R 


L 


glass 


0.003 m 


glass 


^giass^giass (0.7 W/m.°C)(2.55 m 2 ) 


= 0.31746°CAV 


= 0.00168 °C/W 


R 


L 


wood 


0.05 m 


wood 


R 


^ wood ^wood (0.12 W/m.°C)(0.45 m 2 ) 

1 1 


= 0.92593 °C/W 


o, glass 


R 


o,wood 


^2^glass (13 W/m 2 .°C)(2.55 m 2 ) 

1 1 

M wood (13 W/m 2 .°C)(0.45 m 2 ) 


= 0.03017°C/W 


= 0.17094°C/W 


T total, glass -Ti !g i ass +T glass +T o glass -0.05602 + 0.00168 + 0.03017 - 0.08787 °C/W 
T total, wood = * i>wood +R wood +T ()!W00d = 0.31746 + 0.92593 + 0.17094 = 1.41433 °C/W 


The rate of heat gain through the glass and the wood and their total are 
a = T x2 -T xl (40 - 24) °C 

L- glass 


R, 


0.08787°C/W 


= 182-1 W 0 wood = 


Tco2 T(x>1 


R 


total, glass 

Ctotal = Cglass + <2wood = 182.1 + 11.3 = 193.4 W 
If the window consists of glass only the heat gain through the window is 
^giass = (l- 5 m)(2m) = 3.0 m 2 

1 


total, wood 


(40 - 24)°C 
1.41433°CAV 


= 1 1.3 W 


R, 


1 


i, glass 


Mgiass (7 W/m 2 .°C)(3.0 m 2 ) 


R 


L 


glass 


0.003 m 


glass 


R 


Mgiass Mgiass (0.7 W/m.°C)(3.0 m 2 ) 
1 1 


= 0.04762°C/W 


= 0.00143 °C/W 


o, glass 


^2 Mgiass (13 W/m 2 .°C)(3.0 m 2 ) 


= 0.02564°C/W 


T total, glass - ^i, g iass + ^ glass + ^o, glass - 0.04762 + 0.00143 + 0.02564 - 0.07469 °CAV 


Sglass 


Tqq2 Fqo\ 

R, 


(40 - 24)°C 
0. 07469 °C/W 


= 214.2 W 


"total, glass 

Then the percentage error involved in heat gain through the window assuming the window consist of glass 
only becomes 


% Error = 


Mgiass only 0 with wood 214.2 — 193.4 


(2 with 


wood 


193.4 


x 100 = 10.8% 
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3-179 Steam is flowing inside a steel pipe. The thickness of the insulation needed to reduce the heat loss by 
95 percent and the thickness of the insulation needed to reduce outer surface temperature to 40°C are to be 
determined. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is 
negligible. 

Properties The thermal conductivities are given to be k = 61 W/m-°C for steel and k = 0.038 W/m-°C for 
insulation. 

Analysis {a) Considering a unit length of the pipe, the inner and the outer surface areas of the pipe and the 
insulation are 


A 1 = tiD^ = ;r(0.10 m)(l m) = 0.3142 m 2 
A 2 = tiD 0 L = Tiifi.ll m)(l m) = 0.3770 m 2 
A 3 = t:D 3 L = ttD 3 { lm) = 3.1416Z) 3 m 2 
The individual thermal resistances are 

*..= 1 1 


R, 


R , 


R 


R, 


Tool 


J VVVWVV- J WWVV\H/WVWr J VVVVWr 


T f 


oo2 


Mi (105 W/m 2 .°C)(0.3 142 m 2 ) 
ln(r 2 / r x ) ln(6 / 5) 


R, = = 


pipe 2 nk x L 2^(61 W/m.°C)(lm) 

ln(r 3 / r 2 ) ln(T> 3 /0.12) 


= 0.03031 °C/W 
= 0.00048 °C/W 



D 

i '-o, steel 


D 

^o, insulation 


n _ n 

^ 2 ~ -^-insulation — 

1 


ln(D 3 / 0.12) o 


2 nk 2 L 2^(0.038 W/m.°C)(lm) 0.23876 

1 = 0.18947 °CAV 

0.02274 


CAV 


h 0 A 0 (14 W/m 2 . °C)(0. 3770 m 2 ) 
1 1 


h 0 A 0 (14W/m 2 .°C)(3.1416T> 3 m 2 ) D 3 


°C/W 




total, no insulation 


= R, +R 1 +R oMeel =0.03031 + 0.00048 + 0.18947 =0.22026 °C/W 


ln(D, /0.12) 0.02274 

^ total, insulation +^1+^2 + insulation =0.03031 + 0.00048 + ^ + 


0.23876 


D 


ln(Z) 3 / 0.12) 0.02274 

= 0.03079 + — - — -+ °C/W 


0.23876 


D 


Then the steady rate of heat loss from the steam per meter pipe length for the case of no insulation becomes 
^-T x2 = (235-20)°C =97(UW 


R 


total 


0.22026 °C/W 


The thickness of the insulation needed in order to save 95 percent of this heat loss can be determined from 

(235-20)°C 


^insulation 


TqqI ^oo 2 

n 

^ total, insulation 


+(0.05 x 976. 1 ) W = 

0.03079+ ^ t n ^ /Q - 12) + a° 2274 ^ 


0.23876 


D 


°C/W 


whose solution is 

D 3 = 0.3355 m > thickness = 


D 3 -D 2 33.55-12 


2 


2 


= 10.78 cm 
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( b ) The thickness of the insulation needed that would maintain the outer surface of the insulation at a 
maximum temperature of 40°C can be determined from 


^insulation 


^001 ^00 2 


R 


total, insulation 




T 2 -T k ,2 

n 

-^o, insulation 

(235-20)°C 


(40- 20)°C 


r ln(ZL/0.12) 0.02274 ^ 

0.03079 + — - — - + °C/W 


0.23876 


D 


0.02274 

D, 


°C/W 


whose solution is 



0.1644 m 


D o -D 2 

» thickness = — £ £ 

2 


16.44-12 

2 


2.22 cm 


3-180 A 6-m-diameter spherical tank filled with liquefied natural gas (LNG) at -160°C is exposed to 
ambient air. The time for the LNG temperature to rise to -150°C is to be determined. 

Assumptions 1 Heat transfer can be considered to be steady since the specified thermal conditions at the 
boundaries do not change with time significantly. 2 Heat transfer is one-dimensional since there is thermal 
symmetry about the midpoint. 3 Radiation is accounted for in the combined heat transfer coefficient. 3 The 
combined heat transfer coefficient is constant and uniform over the entire surface. 4 The temperature of the 
thin- shelled spherical tank is said to be nearly equal to the temperature of the LNG inside, and thus thermal 
resistance of the tank and the internal convection resistance are negligible. 


Properties The density and specific heat of LNG are given to be 425 kg/m and 3.475 kJ/kg-°C, 
respectively. The thermal conductivity of super insulation is given to be k = 0.00008 W/m-°C. 
Analysis The inner and outer surface areas of the insulated tank and the volume of the LNG are 

A, = t£) 2 =n{ 4 m) 2 = 50.27 m 2 


A 2 = t:D 2 2 = ^(4. 10 m) 2 = 52.81m 2 
(/] = nD j 3 /6 = i(4m) 3 / 6 = 33.51m 3 


R; 


insulation 


R, 


T ' -YNWA~- J Wr 7is 


The rate of heat transfer to the LNG is 

(2.05- 2.0) m 


Ri 


r 2 -r x 


insulation 


7? = 


Ankr x r 2 4^(0.00008 W/m.°C)(2.0 m)(2.05 m) 
1 1 


= 12.13071 °C/W 


h 0 A 


(22 W/m 2 .°C)(52.81 m 2 ) 


= 0.00086 °C/W 


Rtotal = K + ^insulation = 0-00086 + 12.13071 = 12. 13157 °C/W 


Q = 


^oo 2 ^LNG 


R 


total 


[24- (~155)]°C 
12.13157 °C/W 


= 14.75 W 



We used average LNG temperature in heat transfer rate calculation. The amount of heat transfer to increase 
the LNG temperature from -160°C to -150°C is 

m = p l/| = (425 kg/m 3 )(33.51m 3 ) = 14,242 kg 

Q = mc p AT = (14,242 kg)(3.475 kJ/kg.°C)[(-150) - (-160)°C] = 4.95 x 10 s kJ 


Assuming that heat will be lost from the LNG at an average rate of 15.17 W, the time period for the LNG 
temperature to rise to -150°C becomes 

At= Q = 4 - 95xlQ kJ = 3.355 x 10 7 s = 9320 h = 388 days 
Q 0.01475 kW 
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3-181 A hot plate is to be cooled by attaching aluminum fins of square cross section on one side. The 
number of fins needed to triple the rate of heat transfer is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is 
constant and uniform over the entire fin surface. 5 The thermal properties of the fins are constant. 6 The 
heat transfer coefficient accounts for the effect of radiation from the fins. 

Properties The thermal conductivity of the aluminum fins is given to be k = 237 W/m-°C. 

Analysis Noting that the cross-sectional areas of the fins are constant, the efficiency of the square cross- 
section fins can be determined to be 


m = 




1 4(20 W/m 2 .°C)(0.002 m) 
\( 237 W/m.°C)(0.002m) 2 


tanh mL tanh(12.99 m' 1 x 0.04 m) „ 

77 fin = = = 0.919 

mL 12.99 m' 1 x 0.04 m 

The finned and unfinned surface areas, and heat 
transfer rates from these areas are 

Afin = ft fin x 4 x (0.002 m)(0.04 m) = 0.00032/2 fin m 2 
unfinned = (0. 15 m)(0.20 m) - n fm (0.002 m)(0.002 m) 

= 0.03 - 0.000004/2 fin m 2 

Sfinned = ^fin 2fin,max = ^fin^fin ^ b ~ ^oo ) 

= 0.919(20 W/m 2 .°C)(0. 00032/2 fin m 2 )(85 - 25)°C 
- 0.35328/2 fin W 

Gunfinned = ^ unfinned (T b -T ao ) = (20 W/m 2 .°C)(0.03 - 0.000004/2 fin 
= 36 -0.0048/2 fin W 


4 cm 


2 mm x 2 
-► T b = 85°C 

T 0 o = 25 °C 


m 2 )(85-25)°C 


Then the total heat transfer from the finned plate becomes 

2 total, fin = 2finned + 2unfinned = 0.35328/2 fin + 36 - 0.0048/2 fin W 


The rate of heat transfer if there were no fin attached to the plate would be 


Aiofin = (0.15 m)(0.20 m) = 0.03 m 2 

0 nofin = hA no(m (T h -T x ) = (20 W/m 2 .°C)(0.03 m 2 )(85 - 25)°C = 36 W 
The number of fins can be determined from the overall fin effectiveness equation 




2fin 


■>3 = 


0.35328/2 fin +36-0. 0048/2 


fin 


no fin 


36 


^ ft fin = 207 
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3-182 EES Prob. 3-181 is reconsidered. The number of fins as a function of the increase in the heat loss by 
fins relative to no fin case (i.e., overall effectiveness of the fins) is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

A_surface=0.1 5*0.20 [m A 2] 

T_b=85 [C]; k=237 [W/m-C] 
side=0.002 [m]; L=0.04 [m] 

T_infinity=25 [C] 
h=20 [W/m A 2-C] 
epsilon fin=3 

"ANALYSIS" 

A_c=side A 2 

p=4*side 

a=sqrt((h*p)/(k*A_c)) 

eta_fin=tanh(a*L)/(a*L) 

A_fin=n_fin*4*side*L 

Ajjnfinned=A_surface-n_fin*side A 2 

Q_dot_finned=eta_fin*h*A_fin*(T_b-T_infinity) 

Q_dot_unfinned=h*A_unfinned*(T_b-T_infinity) 

Q_dot_total_fin=Q_dot_finned+Q_dot_unfinned 

Q_dot_nofin=h*A_surface*(T_b-T_infinity) 

epsilon_fin=Q_dot_total_fin/Q_dot_nofin 


£fin 

Rfin 

1.5 

51.72 

1.75 

77.59 

2 

103.4 

2.25 

129.3 

2.5 

155.2 

2.75 

181 

3 

206.9 

3.25 

232.8 

3.5 

258.6 

3.75 

284.5 

4 

310.3 

4.25 

336.2 

4.5 

362.1 

4.75 

387.9 

5 

413.8 
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3-183 A spherical tank containing iced water is buried underground. The rate of heat transfer to the tank is 
to be determined for the insulated and uninsulated ground surface cases. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the soil is constant. 4 The tank surface is assumed to be at the 
same temperature as the iced water because of negligible resistance through the steel. 

Properties The thermal conductivity of the soil is given to be k = 0.55 W/m-°C. 
gAnalysis The shape factor for this configuration is given in Table 3-7 to be 
2 kD 2^(1 .4 m) 


T { =18°C 




1-0.25 


D 


1-0.25 


1.4 m 


= 10.30 m 


z 2.4 m 

Then the steady rate of heat transfer from the tank becomes 
Q = Sk(T x -T 2 ) = (10.30 m)(0.55 W/m.°C)(18 - 0)°C = 102 W 
If the ground surface is insulated, 

2 ttD 2^(1 .4 m) 


T 2 = 0°C 


S = 


1 + 0.25 


D 


1 + 0.25 


1.4m 
2.4 m 


= 7.68 m 



Q = Sk(T { - T 2 ) = (7.68 m)(0.55 W/m.°C)(l 8 - 0)°C = 76 W 


3-184 A cylindrical tank containing liquefied natural gas (LNG) is placed at the center of a square solid 
bar. The rate of heat transfer to the tank and the LNG temperature at the end of a one-month period are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the 
axial direction). 3 Thermal conductivity of the bar is constant. 4 The tank surface is at the same 
temperature as the LNG. 

Properties The thermal conductivity of the bar is given to be k = 0.0002 W/m-°C. The density and the 
specific heat of LNG are given to be 425 kg/m and 3.475 kJ/kg-°C, respectively, 12°C 

Analysis The shape factor for this configuration 
is given in Table 3-7 to be 

2 tiL 2^(1 .9 m) 

— i / u / m i / l f \ i 

1.4 m 


5 = 


In 


r lMw^ 

D 


= 12.92 m 


r 


-160°C 


In 


1.08 


1.4m 
0.6 m 


D = 0.6 m 


L= 1.9 m 


Then the steady rate of heat transfer to the tank becomes 

Q = Sk{T x -T 2 ) = (12.92 m)(0.0002 W/m.°C)[l2-(-160)]°C = 0.4444 W 
The mass of LNG is 


„ D ^c, / 3 , (0.6m) 3 
m = pv = pn = (425 kg/m )n 

6 6 


= 48.07 kg 


The amount heat transfer to the tank for a one-month period is 


Q = QAt = (0.4444 W)(30x 24x3600 s) = 1.152 xlO 6 J 


Then the temperature of LNG at the end of the month becomes 

Q = mc p (T 1 -T 2 ) 

1.152xl0 6 J = (48.07 kg)(3475 J/kg.°C)[(-160) - T 2 ]°C 
T 2 = -153.1°C 
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3-185 A typical section of a building wall is considered. The temperature on the interior brick surface is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 

Properties The thermal conductivities are given to be k 2 3 b = 50 
W/m-K, k 2 3a = 0.03 W/m-K, k l2 = 0.5 W/m-K, k 34 = 1.0 W/m-K. 

Analysis We consider 1 m of wall area. The thermal resistances are 


^12 “ 


12 


0.01m 


R 


k l2 (0.5 W/m - °C) 


= 0.02 m 2 • °CAV 


23 a - hi 


^ 23 a (L a +L b ) 


R 


= (0.08 m) 


= t 


0.6 m 


(0.03 W/m • °C)(0.6 + 0.005) 


= 2.645 m 2 -°C/W 


Lx 


23 b ~ L 21 


^ 23 b (L a +L b ) 


= (0.08 m) 


0.005 m 


(50 W/m •°C)(0.6 + 0.005) 


= 1.32xl0" 5 m 2 -°C/W 


^34 - 


34 


0.1m 


= 0.1 m 2 -°C/W 


k 34 (1.0 W/m - °C) 

The total thermal resistance and the rate of heat transfer are 


total -^12 ~*~ 


^ D D ^ 

V^23 a + ^23 b J 


+ R 


34 


= 0.02 + 2.645 


^ (2.645)(1.32 xl0~V 




T,~T X 


2.645 + 1.32x10 

V 

(35 - 20)°C 


-5 



4 A 


R 2M 



+ 0.1 = 0.120 m 2 • °C/W 




total 


0.120 m 2 -C/W 


=125 W/m 


The temperature on the interior brick surface is 

q = 




o (35 -r,)°C 

>125 W/m 2 =- — 


R 


34 


0.1m 2 -C/W 


+ T, =22.5°C 
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3-186 Ten rectangular aluminum fins are placed on the outside surface of an electronic device. The rate of 
heat loss from the electronic device to the surrounding air and the fin effectiveness are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 The heat transfer coefficient is constant and uniform over the entire fin 
surface. 4 The thermal properties of the fins are constant. 5 The heat transfer coefficient accounts for the 
effect of radiation from the fins. 

Properties The thermal conductivity of the aluminum fin is given to be k = 203 W/m-K. 

Analysis The fin efficiency is to be determined using Fig. 3-42 in the text. 


Z = Ll'\h/(kA v )=(L + t/ 


:t) = (0.020 + 0.004 / 2), 


(203)(0.004) 


= 0.244 


H (In = 0.93 


The rate of heat loss can be determined as follows 

A fin =2x1 0(0.020 x 0. 1 00 + 0.004 x 0.020) = 0.04 1 6 m 
A bilse = 1 0(0. 1 00 x 0.004) = 0.004 m 2 

£?fin £?fin „ r\ 


n r = = 

0n„, m ax hA r JT b _T x ) 


0.93 = 


(100)(0.0416)(60-20) 


Cfm = 155 W 


0base = hA b . d JT h -T x ) = (100)(0.004)(60-20) = 16 W 
Q total = Qim + Chase =155 + 16 = 171W 


The fin effectiveness is 


Cfin gfln 171 

Cnofin ^base.nofinl^-T’oo) d 00X0.080 X 0. 100)(60 - 20) 
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3-187 One wall of a refrigerated warehouse is made of three layers. The rates of heat transfer across the 
warehouse without and with the metal bolts, and the percent change in the rate of heat transfer across the 
wall due to metal bolts are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer coefficients are constant. 

Properties The thermal conductivities are given to be k M = 200 W/m-K, fiberglass = 0.038 W/m-K, f ypsum = 
0.48 W/m-K, and f olts = 43 W/m-K. 

Analysis ( a ) The rate of heat transfer through the warehouse is 


1 | L A i | Lf g | Tgy | 1 

^ Al kfg kgy h 0 


1 

1 0.01m 0.08 m 0.03 m 1 

40 W/m 2 • °C 200 W/m • °C 0.038 W/m • °C 0.48 W/m • °C 40 W/m 2 • °C 

Q x = U l A(T a - 7) ) = (0.45 1 W/m 2 • °C)(5 x 10 m 2 )[20- (-10)°C] = 676 W 


0.451 W/m 2 °C 


( b ) The rate of heat transfer with the consideration of metal bolts is 

Qi = U t A, (T 0 - T l ) = (0.45 l)[l0 x 5 - 400 x 0.25^(0.02) 2 pO - (-10)] = 674.8 W 

1 


U 2 = 


1 L 

— + 


1 

bolts 1 


1 


0.12m 


1 


= 18.94 W/m -°C 


k; k 


bolts 


h„ 40 W/m 2 -°C 43 W/m-°C 40 W/m 2 -°C 


Q 2 =U 2 A 2 (T a —T f ) = (18.94 W/m 2 -°C)[400x 0.25;r(0.02) 2 m 2 ][20-(-10)°C] = 71.4 W 


Q = Q\+Q 2 =674.8 + 71.4 = 746 W 

(c) The percent change in the rate of heat transfer across the wall due to metal bolts is 

HA ft. 

% change = = 0. 103 = 1 0.3% 

676 


3-188 An agitated vessel is used for heating an aqueous solution by saturated steam condensing in the 
jacket outside the vessel. The temperature of the outlet stream is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer coefficients are constant. 

Properties The thermal conductivity of steel is given to be k = 43 W/m-K. 

Analysis {a) A heat balance on the system gives 

mc p ( T -T m ) = UA(T steam - T ) 

(500 / 60 kg/s)(4180 J/kg • °C)(T - 15)°C = £7(12 m 2 )(1 15 - T) 

where 


U = 


1 


1 


1 


L 

+ — + 


1 


1 


0.015 m 


+ + 


1 


= 1585 W/m 2 -°C 


h t k h 0 5500 W/m 2 -°C 43W/m-°C 10,000 W/m 2 -°C 


Substituting, 

(500 / 60 kg/s)(4180 J/kg • °C)(T - 15)°C = (1585 W/m 2 • °C)(12 m 2 )(1 15 - T) 

T = 50.3°C 
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3-189 A square cross-section bar consists of a copper layer and an epoxy layer. The rates of heat transfer in 
different directions are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer is one-dimensional. 

Properties The thermal conductivities of copper and epoxy 
are given to be 400 and 0.4 W/m-K, respectively. 

Analysis ( a ) Noting that the resistances in this case are in 
parallel, the heat transfer from front to back is 

f kA\ ( kA ' 


R = 


v L j 


+ 


Cu 


v L j 


Ep 



(400 W/m • K)(0.02 x 0.01) m 


2 ^ 


0.1m 


+ 


(0.4 W/m- K)(0.02 x 0.01) m 
0.1m 


2 ^ 


-i-l 


Q = 


= 1.249 K/W 
AT 50 K 


40.03 W 


R 1.249 K/W 

( b ) Noting that the resistances in this case are in series, the heat transfer from left to right is 


r t \ 


R ~ & Cu + R-Ep ~ 


L 


kA 


+ 


0.01m 


Cu 


\ kA JEp 


(400 W/m- K)(0. 02x0.1) m 


+ 


j 


0.01m 


(0.4 W/m - K)(0. 02x0.1) m 


= 12.50 K/W 


0 = 


AT 


50 K 


= 4.0 W 


R 12.50 K/W 

(c) Noting that the resistances in this case are in parallel, the heat transfer from top to bottom is 


R = 


' kA N 

V L J Cu 


+ 


r kA ^ 
v L j Ep 


n-1 


0 = 


(400 W/m-K)(0. 01x0.1) m 
0.02 m 

50 K 

R ~ 0.04995 K/W 


2 A 


_v 

AT 


+ 


(0.4 W/m-K)(0.01x0.1)m 
0.02 m 


2 ^ 


n-1 


= 0.04995 K/W 


1001 w 
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3-190 A spherical vessel is used to store a fluid. The thermal resistances, the rate of heat transfer, and the 
temperature difference across the insulation layer are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 

Properties The thermal conductivity of the insulation is given to be 0.20 W/m-K. 

Analysis ( a ) The thermal resistances are 


R, = 


D 

^ ins — 


R n = 


1 


1 


Ml (40W/m 2 -K)j(3m) 2 
r 2 ~r l (1.55-1.5)m 


= 8.84 x10~ 4 K/W 

= 8.56x10 3 K/W 


4m- t r 2 k 4^(1. 5 m)(1.55 m)(0.2 W/m-K) 

1 1 - — 3 


h 0 A 0 (10W/m 2 -Kk(3.10m) 


= 3.31x10 K/W 


( b ) The rate of heat transfer is 

a- Ar 


(22-0)K 


R i +R im +R 


(8.84xl0‘ 4 +8.56xl0‘ 3 +3.31xl0‘ 3 ) K/W 


1725 W 


(c) The temperature difference across the insulation layer is 


Q = &Ti ” 


R, 


■>1725 W = 


AT: 


ins 


ins 


8.56xlCT 3 K/W 


■>AT ins =14.8 K 
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3-191 A room is maintained at a certain temperature by a heated wall and the heating is achieved by heat 
flux or heat generation in the wall. The variation of temperature and heat flux across the wall in each case 
is to be plotted and the temperatures at the two surfaces for both cases are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 

Properties The thermal conductivity of the wall is given to be 2 W/m-K. 



Analysis ( a ) The graphs show the variation of temperature and heat flux across the wall for each case: 


( b ) The temperature at the surface is same 
for both cases since energy balance does 
not depend on where in the wall the heat 
is generated. It is determined from 


77 = 7L d 


co 


Q_ 

Ah 


= 15°C + 


5000 W 


(2x 3 m 2 )(30 W/m 2 •°C) 


= 42.8°C 




(c) The temperature at the back of the 
wall will be different for each case. For 
heat flux case, it is determined from 


Q = kA 


t b -t s 

L 


5000 W = (2 W/m- C)(2 x 3m 2 ) 42 ' 8) C 


0.05 m 


T b = 63.6°C 


For heat generation case, the temperature 
is determined from Eq. 2-73 in the text 




^gen 


Q 

v 


5000 W 

(2x3x0.05) m 

2 


= 16,667 W/m 


t b = 


L + 


^gen-^ 

2k 


= 42.8°C + 


(16,667 W/m 3 )(0.05 m) 2 
2(2 W/m -C) 


53.2°C 
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Fundamentals of Engineering (FE) Exam Problems 

3-192 A 2.5-m-high, 4-m-wide, and 20-cm-thick wall of a house has a thermal resistance of 0.0125°C/W. 
The thermal conductivity of the wall is 

(a) 0.72 W/m-°C (b) 1. 1 W/m-°C (c) 1 .6 W/m-°C (d) 16 W/m-°C (e) 32 W/m-°C 


Answer (c) 1.6 W/m-°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Height=2.5 [m] 

Width=4 [m] 

L=0.20 [m] 

R_wall=0.0125 [C/W] 

A=Height*Width 

R_wall=L/(k*A) 

"Some Wrong Solutions with Common Mistakes" 
R_wall=L/W1_k "Not using area in the equation" 


3-193 Consider two walls, A and B, with the same surface areas and the same temperature drops across 
their thicknesses. The ratio of thermal conductivities is k A lk B = 4 and the ratio of the wall thicknesses is 

L A /L B = 2. The ratio of heat transfer rates through the walls Q A / Q B is 

(a) 0.5 (b) 1 (c) 2 (d) 4 (e) 8 

Answer (c) 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

k_A\k_B=4 

L_A\L_B=2 

Q_dot_A\Q_dot_B=k_A\k_B*(1/L_A\L_B) "From Fourier's Law of Fleat Conduction" 
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• 2 • • • • 

3-194 Heat is lost at a rate of 275 W per m area of a 15-cm-thick wall with a thermal conductivity of £=1.1 

W/m-°C. The temperature drop across the wall is 

(a) 37.5°C (b) 27.5°C (c) 16.0°C (d) 8.0°C (e) 4.0°C 


Answer (a) 37.5°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

L=0.15 [m] 
k=1 .1 [W/m-C] 
q=275 [W/m A 2] 
q=k*DELTAT/L 


3-195 Consider a wall that consists of two layers, A and B, with the following values: k A = 0.8 W/m-°C, L A 
= 8 cm, k B = 0.2 W/m-°C, L B = 5 cm. If the temperature drop across the wall is 18°C, the rate of heat 
transfer through the wall per unit area of the wall is 

(a) 180 W/m 2 (b) 153 W/m 2 (c) 89.6 W/m 2 (d) 72.0 W/m 2 (e) 51.4 W/m 2 

Answer (e) 5 1.4 W/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


k_A=0.8 [W/m-C] 

L_A=0.08 [m] 
k_B=0.2 [W/m-C] 

L_B=0.05 [m] 

DELTAT=1 8 [C] 

R_total= L_A/k_A+ L_B/k_B 
q_dot=DELTAT/R_total 

"Some Wrong Solutions with Common Mistakes" 
W1_q_dot=DELTAT/(L_A/k_A) "Considering layer A only" 
W2_q_d ot= D E LT AT /(L_B/k_B) "Considering layer B only" 
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3-196 A plane furnace surface at 150°C covered with 1-cm-thick insulation is exposed to air at 30°C, and 

• ••• o ••••• 

the combined heat transfer coefficient is 25 W/m~°C. The thermal conductivity of insulation is 0.04 
W/m-°C. The rate of heat loss from the surface per unit surface area is 

(a) 35 W (b) 414 W (c) 300 W (d) 480 W (e) 128 W 

Answer (b) 414 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Ts=150 

Tinf=30 

h=25 

L=0.01 

K=0.04 

Rconv=1/h 

Rins=L/K 

Rtotal=Rconv+Rins 

Q=(Ts-Tinf)/(Rconv+Rins) 

“Some Wrong Solutions with Common Mistakes:” 
W1_Q=(Ts-Tinf)/Rins "Disregarding convection" 
W2_Q=(Ts-Tinf)/Rconv"Disregarding insulation" 
W3_Q=(Ts-Tinf)*(Rconv+Rins)"Multiplying by resistances" 


3-197 A room at 20°C air temperature is loosing heat to the outdoor air at 0°C at a rate of 1000 W through 
a 2.5-m-high and 4-m-long wall. Now the wall is insulated with 2-cm-thick insulation with a conductivity 
of 0.02 W/m.°C. Determine the rate of heat loss from the room through this wall after insulation. Assume 
the heat transfer coefficients on the inner and outer surface of the wall, the room air temperature, and the 
outdoor air temperature to remain unchanged. Also, disregard radiation. 

(a) 20 W (b) 561 W (c) 388 W (d) 167 W (e) 200 W 

Answer (d) 167 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Tin=20 

Tout=0 

Q=1000 

A=2.5*4 

L=0.02 

k=0.02 

Rins=L/(k*A) 

Q=(Tin-Tout)/R 

Qnew=(Tin-Tout)/(R+Rins) 

"Some Wrong Solutions with Common Mistakes:" 
W1_Q=(Tin-Tout)/Rins "Disregarding original resistance" 
W2_Q=(Tin-Tout)*(R+L/k) "Disregarding area" 
W3_Q=(Tin-Tout)*(R+Rins)"Multiplying by resistances" 
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3-198 Consider a 1.5-m-high and 2-m-wide triple pane window. The thickness of each glass layer (k = 0.80 
W/m.°C) is 0.5 cm, and the thickness of each air space (/c = 0.025 W/m.°C ) is 1 cm. If the inner and outer 
surface temperatures of the window are 10°C and 0°C, respectively, the rate of heat loss through the 
window is 

(a) 75 W (b) 12 W (c) 46 W (d) 25 W (e) 37 W 

Answer: (e) 37 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


"Using the thermal resistances per unit area, Q can be expressed as Q=A*DeltaT/R_total” 
Lglass=0.005 {m} 
kglass=0.80 {W/mC} 

Rglass=Lglass/kglass 
Lair=0.01 {m} 
kair=0.025 {W/mC} 

Rair=Lair/kair 
A=1 .5*2 
T 1 =1 0 
T2=0 

Q=A*(T 1 -T2)/(3*Rglass+2*Rair) 

“Some Wrong Solutions with Common Mistakes:” 

W1_Q=(T 1 -T2)/(3*Rglass+2*Rair) “Not using area” 

W2_Q=A*(T1-Tinf)*(3*Rglass+2*Rair) “Multiplying resistance instead of dividing” 
W3_Q=A*(T1-T2)/(Rglass+Rair) “Using one layer only” 
W4_Q=(T1-T2)/(3*Rglass+2*Rair)/A “Dividing by area instead of multiplying” 


3-199 Consider a furnace wall made of sheet metal at an average temperature of 800°C exposed to air at 
40°C. The combined heat transfer coefficient is 200 W/m -°C inside the furnace, and 80 W/m -°C outside. 
If the thermal resistance of the furnace wall is negligible, the rate of heat loss from the furnace per unit 
surface area is 

(a) 48.0 kW/m 2 (b) 213 kW/m 2 (c) 91.2 kW/m 2 (d) 151 kW/m 2 (e) 43.4 kW/m 2 
Answer (e) 43.4 kW/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Ti=800 

To=40 

hi=200 

ho=80 

Rconv1=1/hi 
Rconv2=1/ho 
Rtotal=Rconv1 + Rconv2 
Q=(Ti-To)/Rtotal 

“Some Wrong Solutions with Common Mistakes:” 
W1_Q=(Ti+To)/Rtotal “Adding temperatures” 
W2_Q=(hi+ho)*(Ti-To) “Adding convection coefficients” 
W3_Q=(hi-ho)*(Ti-To) “Subtracting convection coefficients” 
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3-200 Consider a jacket made of 5 layers of 0.1-mm-thick cotton fabric (k = 0.060 W/m.°C) with a total of 
4 layers of 1-mm-thick air space ( k = 0.026 W/m.°C) in between. Assuming the inner surface temperature 
of the jacket is 25 °C and the surface area normal to the direction of heat transfer is 1.1 m , determine the 
rate of heat loss through the jacket when the temperature of the outdoors is 0°C and the heat transfer 
coefficient on the outer surface is 18 W/m .°C. 

(a) 6 W (b) 1 15 W (c) 126 W (d) 287 W (e) 170 W 


Answer (c) 126 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


"Using the thermal resistance concept, Q can be expressed as Q=A*DeltaT/R_total” 
Lcotton=0.0001 {m} 
kcotton=0.06 {W/mC} 

Rcotton=Lcotton/kcotton 

Lair=0.001 {m} 
kair=0.026 {W/mC} 

Rair=Lair/kair 
A=1 .1 
h=18 

Rconv=1/h 

T1=25 

Tinf=0 

Q=A*(T 1 -Tinf)/(5*Rcotton+4*Rair+Rconv) 

“Some Wrong Solutions with Common Mistakes:” 
W1_Q=(T1-Tinf)/(5*Rcotton+4*Rair+Rconv) “Not using area” 

W2_Q=A*(T1-Tinf)*(5*Rcotton+4*Rair+Rconv) “Multiplying resistance instead of dividing” 
W3_Q=A*(T1-Tinf)/(Rcotton+Rair+Rconv) “Using one layer only” 
W4_Q=A*(T1-Tinf)/(5*Rcotton+4*Rair) “Disregarding convection” 


3-201 Consider two metal plates pressed against each other. Other things being equal, which of the 
measures below will cause the thermal contact resistance to increase? 

(a) Cleaning the surfaces to make them shinier 

(b) Pressing the plates against each other with a greater force 

(c) Filling the gab with a conducting fluid 

(d) Using softer metals 

(e) Coating the contact surfaces with a thin layer of soft metal such as tin 
Answer (a) Cleaning the surfaces to make them shinier 
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3-202 A 10-m-long, 5-cm-outer-radius cylindrical steam pipe is covered with 3-cm thick cylindrical 
insulation with a thermal conductivity of 0.05 W/m.°C. If the rate of heat loss from the pipe is 1000 W, the 
temperature drop across the insulation is 

(a) 163°C (b) 600°C (c) 48°C (d) 79°C (e) 150°C 

Answer (e) 150°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


R1=0.05 

S=0.03 

R2=0.08 

L=10 

K=0.05 

Q=1000 

R=ln(r2/r1 )/(2*pi*L*k) 
dT=Q*R 

“Some Wrong Solutions with Common Mistakes:” 
W1_T=Q/k "Wrong relation" 

RR1 =ln(s/r1 )/(2*pi*L*k) 

W2_T=Q*RR1 "Wrong radius" 

RR2=s/k 

W3_T =Q*RR2"Wrong radius" 


3-203 Steam at 200°C flows in a cast iron pipe (k = 80 W/m*°C) whose inner and outer diameters are D\ = 
0.20 m and D 2 = 0.22 m, respectively. The pipe is covered with 2-cm-thick glass wool insulation ( k = 0.05 
W/m-°C). The heat transfer coefficient at the inner surface is 75 W/nr-°C. If the temperature at the interface 
of the iron pipe and the insulation is 194°C, the temperature at the outer surface of the insulation is 

(a) 32°C (b) 45°C (c)51°C (d) 75°C (e) 100°C 

Answer (b) 45°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_steam=200 [C] 
k_pipe=80 [W/m-C] 
k_ins=0.05 [W/m-C] 

D1=0.20 [m]; r1=D1/2 
D2=0.22 [m]; r2=D2/2 
t_ins=0.02 [m] 
r3=r2+t_ins 

L=1 [m] "Consider a unit length of pipe" 
hi =75 [W/m A 2-C] 

T2=1 94 [C] 


A1=2*pi*r1*L 

R_conv1=1/(h1*A1) 

R_1 =ln(r2/r1 )/(2*pi*k_pipe*L) 
R_2=ln(r3/r2)/(2*pi*k_ins*L) 
Q_dot=(T_steam-T2)/(R_conv1 +R_1 ) 
Q_dot=(T2-T3)/R_2 
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3-204 A 6-m-diameter spherical tank is filled with liquid oxygen at -184°C. The tank is thin-shelled and its 
temperature can be taken to be the same as the oxygen temperature. The tank is insulated with 5 -cm- thick 
super insulation that has an effective thermal conductivity of 0.00015 W/m-°C. The tank is exposed to 
ambient air at 15°C with a heat transfer coefficient of 14 W/m -°C. The rate of heat transfer to the tank is 
(a) 1 1 W (b) 29 W (c) 57 W (d) 68 W (e) 315,000 W 

Answer (d) 68 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=6 [m] 

L_ins=0.05 [m] 

T_02=-1 84 [C] 
k_ins=0.00015 [W/m-C] 
T infinity=1 5 [C] 
h=14 [W/m A 2-C] 


A=pi*D A 2 

R_ins=LJns/(k_ins*A) 

R_conv=1/(h*A) 

Q_d ot= (T_i nf i n ity-T_02)/( R_i n s+ R_co n v) 

"Some Wrong Solutions with Common Mistakes" 

W1_Q_dot=(TJnfinity-T_02)/R_ins "Ignoring convection resistance" 
W2_Q_dot=(T_infinity-T_02)/R_conv "Ignoring insulation resistance" 
W3_Q_dot=(T_infinity+T_02)/(R_ins+R_conv) "Adding temperatures instead of subtracting" 


3-205 A 6-m diameter spherical tank is filled with liquid oxygen (p = 1 141 kg/m , c p =1.71 kJ/kg-°C) at - 
184°C. It is observed that the temperature of oxygen increases to -183°C in a 144-hour period. The average 
rate of heat transfer to the tank is 

(a) 249 W (b) 426 W (c) 570 W (d) 1640 W (e) 2207 W 

Answer (b) 426 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=6 [m] 

rho=1 141 [kg/m A 3] 
c_p=1710 [J/kg-C] 
T1=-184 [C] 
T2=-183 [C] 
time=1 44*3600 [s] 


V=pi*D A 3/6 

m=rho*V 

Q=m*c_p*(T2-T1) 

Q_dot=Q/time 

"Some Wrong Solutions with Common Mistakes" 
W1_Q_dot=Q "Using amount of heat transfer as the answer" 
Q1=m*(T2-T1) 

W2_Q_dot=Q1/time "Not using specific heat in the equation" 
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3-206 A hot plane surface at 100°C is exposed to air at 25 °C with a combined heat transfer coefficient of 
20 W/m °C. The heat loss from the surface is to be reduced by half by covering it with sufficient 
insulation with a thermal conductivity of 0.10 W/m-°C. Assuming the heat transfer coefficient to remain 
constant, the required thickness of insulation is 

(a) 0.1 cm (b) 0.5 cm (c) 1.0 cm (d) 2.0 cm (e) 5 cm 

Answer (b) 0.5 cm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Ts=100 

Tinf=25 

h=20 

k=0.1 

Rconv=1/h 

Rins=L/k 

Rtotal=Rconv+Rins 

Q1=h*(Ts-Tinf) 

Q2=(Ts-Tinf)/(Rconv+Rins) 

Q2=Q1/2 


3-207 Consider a 4.5-m-long, 3.0-m-high, and 0.22-m-thick wall made of concrete (k = 1.1 W/m-°C). The 
design temperatures of the indoor and outdoor air are 24°C and 3°C, respectively, and the heat transfer 
coefficients on the inner and outer surfaces are 10 and 20 W/m °C. If a polyurethane foam insulation ( k = 
0.03 W/m-°C) is to be placed on the inner surface of the wall to increase the inner surface temperature of 
the wall to 22°C, the required thickness of the insulation is 

(a) 3.3 cm (b) 3.0 cm (c) 2.7 cm (d) 2.4 cm (e) 2.1 cm 

Answer (e) 2. 1 cm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Length=4.5 [m] 

Height=3.0 [m] 

L=0.22 [m] 

T infinityl =24 [C] 

TJnfinity2=3 [C] 
hi =10 [W/m A 2-C] 
h2=20 [W/m A 2-C] 
k_wall=1.1 [W/m-C] 
k_ins=0.03 [W/m-C] 

T1=22 [C] 

A=Length*Height 

R_conv1=1/(h1*A) 

R_wall=L/(k_waN*A) 

R_conv2=1/(h2*A) 

R_ins=LJns/(k_ins*A) 

Q_dot=(TJnfinity1-TJnfinity2)/(R_conv1+R_wall+RJns+R_conv2) 
Q_dot=(T_infinity1 -T 1 )/R_conv1 
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3-208 Steam at 200°C flows in a cast iron pipe (k = 80 W/m-°C) whose inner and outer diameters are D\ = 
0.20 m and D 2 = 0.22 m. The pipe is exposed to room air at 25°C. The heat transfer coefficients at the inner 
and outer surfaces of the pipe are 75 and 20 W/m °C, respectively. The pipe is to be covered with glass 
wool insulation (k = 0.05 W/m°C) to decrease the heat loss from the steam by 90 percent. The required 
thickness of the insulation is 

(a) 1.1 cm (b) 3.4 cm (c) 5.2 cm (d) 7.9 cm (e) 14.4 cm 


Answer (b) 3.4 cm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_steam=200 [C] 

T_infinity=25 [C] 
k_pipe=80 [W/m-C] 

D1=0.20[m]; r1=D1/2 
D2=0.22 [m] ; r2=D2/2 
hi =75 [W/m A 2-C] 
h2=20 [W/m A 2-C] 
k_ins=0.05 [W/m-C] 
f=0.90 


L=1 [m] "Consider a unit length of pipe" 

A1=2*pi*r1*L 

R_conv1=1/(h1*A1) 

R_1 =ln(r2/r1 )/(2*pi*k_pipe*L) 

A2=2*pi*r2*L 

R_conv2=1/(h2*A2) 

Q_dot_old=(T_steam-TJnfinity)/(R_conv1 +R_1 +R_conv2) 
r3=r2+t_ins 

R_2=ln(r3/r2)/(2*pi*k_ins*L) 

A3=2*pi*r3*L 
R_conv2_new=1 /(h2*A3) 

Q_dot_new=(1 -f)*Q_dot_old 

Q_dot_new=(T_steam-T_infinity)/(R_conv1 +R_1 +R_2+R_conv2_new) 

"Some Wrong Solutions with Common Mistakes" 

W1_t_ins=r3 "Using outer radius as the result" 
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3-209 A 50-cm-diameter spherical tank is filled with iced water at 0°C. The tank is thin-shelled and its 
temperature can be taken to be the same as the ice temperature. The tank is exposed to ambient air at 20°C 
with a heat transfer coefficient of 12 W/m °C. The tank is to be covered with glass wool insulation (k = 
0.05 W/m-°C) to decrease the heat gain to the iced water by 90 percent. The required thickness of the 
insulation is 

(a) 4.6 cm (b) 6.7 cm (c) 8.3 cm (d) 25.0 cm (e) 29.6 cm 


Answer (a) 4.6 cm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_ice=0 [C] 

T_infinity=20 [C] 

D1 =0.50 [m] 
r1=D1/2 

h=12 [W/m A 2-C] 
k_ins=0.05 [W/m-C] 
f=0.90 

A=pi*D1 A 2 

Q_dot_old=h*A*(TJnfinity-T_ice) 

r2=r1+t_ins 

R_ins=(r2-r1 )/(4*pi*r1 *r2*k_ins) 

D2=2*r2 

A2=pi*D2 A 2 

R_conv=1/(h*A2) 

Q_dot_new=(1 -f)*Q_dot_old 
Q_dot_new=(TJnfinity-T_ice)/(R_ins+R_conv) 

"Some Wrong Solutions with Common Mistakes" 
W1_t_ins=r2 "Using outer radius as the result" 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


3-144 


3-210 Heat is generated steadily in a 3-cm-diameter spherical ball. The ball is exposed to ambient air at 
26°C with a heat transfer coefficient of 7.5 W/m °C. The ball is to be covered with a material of thermal 
conductivity 0.15 W/m-°C. The thickness of the covering material that will maximize heat generation 
within the ball while maintaining ball surface temperature constant is 

(a) 0.5 cm (b) 1.0 cm (c) 1.5 cm (d) 2.0 cm (e) 2.5 cm 


Answer (e) 2.5 cm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.03 [m] 
r=D/2 

T_infinity=26 [C] 
h=7.5 [W/m A 2-C] 
k=0.15 [W/m-C] 

r_cr=(2*k)/h r_cr=(2*k)/h "critical radius of insulation for a sphere" 
thickness=r_cr-r 

"Some Wrong Solutions with Common Mistakes" 

W_r_cr=k/h 

W1_thickness=W_r_cr-r "Using the equation for cylinder" 


3-211 A 1 -cm-diameter, 30-cm long fin made of aluminum (k = 237 W/m-°C) is attached to a surface at 
80°C. The surface is exposed to ambient air at 22°C with a heat transfer coefficient of 1 1 W/m °C. If the 
fin can be assumed to be very long, the rate of heat transfer from the fin is 

(a) 2.2 W (b) 3.0 W (c) 3.7 W (d) 4.0 W (e) 4.7 W 


Answer (e) 4.7 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.01 [m] 

L=0.30 [m] 
k=237 [W/m-C] 

T_b=80 [C] 

T_infinity=22 [C] 
h=1 1 [W/m A 2-C] 
p=pi*D 

A_c=pi*D A 2/4 

Q_dot=sqrt(h*p*k*A_c)*(T_b-T_infinity) 

"Some Wrong Solutions with Common Mistakes" 
a=sqrt((h*p)/(k*A_c)) 

W1_Q_dot=sqrt(h*p*k*A_c)*(T_b-T_infinity)*tanh(a*L) "Using the relation for insulated fin tip" 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


3-145 


3-212 A 1 -cm-diameter, 30-cm-long fin made of aluminum (k = 237 W/m-°C) is attached to a surface at 
80°C. The surface is exposed to ambient air at 22°C with a heat transfer coefficient of 1 1 W/m °C. If the 
fin can be assumed to be very long, its efficiency is 

(a) 0.60 (b) 0.67 (c) 0.72 (d) 0.77 (e) 0.88 


Answer (d) 0.77 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.01 [m] 

L=0.30 [m] 
k=237 [W/m-C] 

T_b=80 [C] 

T_infinity=22 [C] 
h=1 1 [W/m A 2-C] 
p=pi*D 

A_c=pi*D A 2/4 

a=sqrt((h*p)/(k*A_c)) 

eta_fin=1/(a*L) 

"Some Wrong Solutions with Common Mistakes" 
W1_eta_fin=tanh(a*L)/(a*L) "Using the relation for insulated fin tip" 


3-213 A hot surface at 80°C in air at 20°C is to be cooled by attaching 10-cm-long and 1 -cm-diameter 
cylindrical fins. The combined heat transfer coefficient is 30 W/m °C, and heat transfer from the fin tip is 
negligible. If the fin efficiency is 0.75, the rate of heat loss from 100 fins is 

(a) 325 W (b) 707 W (c) 566 W (d) 424 W (e) 754 W 


Answer (d) 424 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


N=100 

Ts=80 

Tinf=20 

L=0.1 

D=0.01 

h=30 

Eff=0.75 

A=N*pi*D*L 

Q=Eff*h*A*(Ts-Tinf) 

“Some Wrong Solutions with Common Mistakes:” 
W1_Q= h*A*(Ts-Tinf) "Using Qmax" 

W2J3= h*A*(Ts-Tinf)/Eff "Dividing by fin efficiency" 
W3_Q= Eff*h*A*(Ts+Tinf) "Adding temperatures" 
W4_Q= Eff*h*(pi*D A 2/4)*L*N*(Ts-Tinf) "Wrong area" 
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3-214 A cylindrical pin fin of diameter 1 cm and length 5 cm with negligible heat loss from the tip has an 
effectiveness of 15. If the fin base temperature is 280°C, the environment temperature is 20°C, and the heat 
transfer coefficient is 85 W/m ,°C, the rate of heat loss from this fin is 

(a) 2 W (b) 188 W (c) 26 W (d)521W (e) 547 W 


Answer (c) 26 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


"The relation between for heat transfer from a fin is Q = h*A_base*(Tb-Tinf)*Effectiveness" 
D=0.01 {m} 

L=0.05 {m} 

Tb=280 

Tinf=20 

h=85 

Effect=15 

Q=h*(pi*D A 2/4)*(Tb-Tinf)*Effect 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q= h*(pi*D*L)*(Tb-Tinf)*Effect "Using fin area " 

W2_Q= h*(pi*D A 2/4)*(Tb-Tinf) "Not using effectiveness" 

W3_Q= Q+W1_Q "Using wrong relation" 


3-215 A cylindrical pin fin of diameter 0.6 cm and length of 3 cm with negligible heat loss from the tip has 
an efficiency of 0.7. The effectiveness of this fin is 

(a) 0.3 (b) 0.7 (c) 2 (d) 8 (e) 14 


Answer (e) 14 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


"The relation between fin efficiency and fin effectiveness is effect = 
(A_fin/A_base)*Efficiency" 

D=0.6 {cm} 

L=3 {cm} 

Effici=0.7 

Effect=(pi*D*L/(pi*D A 2/4))*Effici 

"Some Wrong Solutions with Common Mistakes:" 

W1_Effect= Effici "Taking it equal to efficiency" 

W2_Effect= (D/L)*Effici "Using wrong ratio" 

W3_Effect= 1 -Effici "Using wrong relation" 

W4_Effect= (pi*D*L/(pi*D))*Effici "Using area over perimeter" 
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3-216 A 3-cm-long, 2 mm x 2 mm rectangular cross-section aluminum fin (k = 237 W/m-°C) is 
attached to a surface. If the fin efficiency is 65 percent, the effectiveness of this single fin is 

(a) 39 (b) 30 (c) 24 (d) 18 (e) 7 


Answer (a) 39 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

L=0.03 [m] 
s=0.002 [m] 
k=237 [W/m-C] 
eta_fin=0.65 
A_fin=4*s*L 
A_b=s*s 

epsilon_fin=A_fin/A_b*eta_fin 


3-217 Aluminum square pin fins (/c = 237 W/m-°C) of 3-cm-long, 2 mm x 2 mm cross-section with a total 
number of 150 are attached to an 8-cm-long, 6-cm-wide surface. If the fin efficiency is 65 percent, the 
overall fin effectiveness for the surface is 

(a) 1.03 (b) 2.30 (c) 5.75 (d) 8.38 (e) 12.6 


Answer (c) 5.75 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


s=0.002 [m] 

L=0.03 [m] 
k=237 [W/m-C] 
n_fin=150 
Length=0.08 [m] 

Width=0.06 [m] 
eta_fin=0.65 

A_fin=n_fin*4*s*L 

A_nofin=Length*Width 

A_unfin=A_nofin-n_fin*s*s 

epsilon_fin_overall=(A_unfin+eta_fin*A_fin)/A_nofin 

"Some Wrong Solutions with Common Mistakes" 
W1_epsilon_fin_overall=(A_unfin+A_fin)/A_nofin "Ignoring fin efficiency" 

A_fin1=4*s*L 
A_nofin 1 =Length*Width 
A_unfin1 =A_nofin1 -s*s 

W2_epsilon_fin_overall=(A_unfin1+eta_fin*A_fin1)/A_nofin1 "Considering a single fin in 
calculations" 
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3-218 Two finned surfaces with long fins are identical, except that the convection heat transfer coefficient 
for the first finned surface is twice that of the second one. What statement below is accurate for the 
efficiency and effectiveness of the first finned surface relative to the second one? 

(a) higher efficiency and higher effectiveness 

(b) higher efficiency but lower effectiveness 

(c) lower efficiency but higher effectiveness 

(d) lower efficiency and lower effectiveness 

(e) equal efficiency and equal effectiveness 


Answer (d) lower efficiency and lower effectiveness 


Solution The efficiency of long fin is given by 77 = -yJkA c / hp / L , which is inversely proportional to 

convection coefficient /?. Therefore, efficiency of first finned surface with higher h will be lower. This is 
also the case for effectiveness since effectiveness is proportional to efficiency, s = ij(A j ]n / A base ) . 


3-219 A 20-cm-diameter hot sphere at 120°C is buried in the ground with a thermal conductivity of 1.2 
W/m-°C. The distance between the center of the sphere and the ground surface is 0.8 m, and the ground 
surface temperature is 15°C. The rate of heat loss from the sphere is 

(a) 169 W (b) 20 W (c)217W (d)312W (e)1.8W 


Answer (a) 169 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.2 
T1=120 
T2=15 
K=1 .2 
Z=0.8 

S=2*pi*D/(1 -0.25*D/z) 

Q=S*k*(T1-T2) 

“Some Wrong Solutions with Common Mistakes:” 
A=pi*D A 2 

W1_Q=2*pi*z/ln(4*z/D) "Using the relation for cylinder" 
W2_Q=k*A*(T 1 -T2)/z "Using wrong relation" 

W3_Q= S*k*(T1 +T2) "Adding temperatures" 

W4_Q= S*k*A*(T1-T2) "Multiplying vy area also" 
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3-220 A 25-cm-diameter, 2.4-m-long vertical cylinder containing ice at 0°C is buried right under the 
ground. The cylinder is thin-shelled and is made of a high thermal conductivity material. The surface 
temperature and the thermal conductivity of the ground are 18°C and 0.85 W/m-°C, respectively. The rate 
of heat transfer to the cylinder is 

(a) 37.2 W (b) 63.2 W (c) 158 W (d)480W (e)1210W 


Answer (b) 63.2 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=0.25 [m] 

L=2.4 [m] 

T_ice=0 [C] 

T_ground=18 [C] 
k=0.85 [W/m-C] 

S=(2*pi*L)/ln((4*L)/D) 

Q_dot=S*k*(T_ground-T_ice) 


3-221 Hot water ( c = 4.179 kJ/kg-K) flows through a 200 m long PVC (k = 0.092 W/m-K) pipe whose 
inner diameterD is 2 cm and outer diameter is 2.5 cm at a rate of 1 kg/s, entering at 40°C. If the entire 
interior surface of this pipe is maintained at 35°C and the entire exterior surface at 20°C, the outlet 
temperature of water is 
(a) 39°C (b) 38°C (c) 37°C (d) 36°C (e) 35°C 


Answer (b) 38°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


do=2.5 [cm] 
di=2.0 [cm] 
k=0.092 [W/m-C] 

T2=35 [C] 

T1=20 [C] 

Q=2*pi*k*l*(T2-T1 )/LN(do/di) 
Tin=40 [C] 
c=4179 [J/kg-K] 
m=1 [kg/s] 

1=200 [m] 

Q=m*c*(Tin-Tout) 
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3-222 Heat transfer rate through the wall of a circular tube with convection acting on the outer surface is 


given per unit of its length by q = 


2*L(T i -T 0 ) 
1 n(r o /r,0 | 1 


where i refers to the inner tube surface and o the outer 


k r Q h 

tube surface. Increasing r a will reduce the heat transfer as long as 
(a) r Q < k/h (b) r G = k/h (c) r Q > k/h (d) r G > 2 k/h 

(e) increasing r Q will always reduce the heat transfer 


Answer (c) r a > k/h 


3-223 The walls of a food storage facility are made of a 2-cm-thick layer of wood (A: =0.1 W/m-K) in 
contact with a 5 -cm- thick layer of polyurethane foam (k = 0.03 W/m-K). If the temperature of the surface 
of the wood is -10°C and the temperature of the surface of the polyurethane foam is 20°C, the temperature 
of the surface where the two layers are in contact is 

(a) -7°C (b)-2°C (c)3°C (d) 8°C (e) 11°C 

Answer (a) -7°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


kw=0.1 [W/m-C] 
tkw=0.02 [m] 

Tw=-10 [C] 
kf=0.03 [W/m-C] 
tkf=0.05 [W/m-C] 

Tf=20 [C] 

T= ( ( kw*T w/t kw) + ( kf *T f/tkf ) )/( ( kw/t kw) + ( kf/tkf ) ) 
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3-224 A typical section of a building wall is shown in the figure. This section extends in and out of the 
page and is repeated in the vertical direction. The correct thermal resistance circuit for this wall is 



Answer (b) 


3-225 The 700 m ceiling of a building has a thermal resistance of 0.2 m K/W. The rate at which heat is 
lost through this ceiling on a cold winter day when the ambient temperature is -10°C and the interior is at 
20°C is 

(a) 56 MW (b) 72 MW (c) 87 MW (d) 105 MW (e) 1 18 MW 


Answer (d) 105 MW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

R=0.2 [m A 2-C/W] 

A=700 [m A 2] 

T_1 =20 [C] 

T_2=-10 [C] 

Q=A*(T_2-T_1 )/R 
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3-226 A 1 m-inner diameter liquid oxygen storage tank at a hospital keeps the liquid oxygen at 90 K. This 
tank consists of a 0.5-cm thick aluminum ( k = 170 W/m-K) shell whose exterior is covered with a 10-cm- 
thick layer of insulation ( k = 0.02 W/m-K). The insulation is exposed to the ambient air at 20°C and the 

• • •• ••• o ••• 

heat transfer coefficient on the exterior side of the insulation is 5 W/m -K. The rate at which the liquid 
oxygen gains heat is 

(a) 141 W (b) 176 W (c) 181 W (d) 201 W (e) 221 W 

Answer (b) 176 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


R1=0.5 [m] 

R2=0.55 [m] 

R3=0.65 [m] 
kl =1 70 [W/m-K] 
k2=0.02 [W/m-K] 
h=5[W/m A 2-K] 

T2=293 [K] 

T1=90 [K] 

R1 2=(R2-R1 )/(4*pi*k1 *R1 *R2) 

R23=(R3-R2)/(4*pi*k2*R2*R3) 

R45=1/(h*4*pi*R3 A 2) 

Re=R12+R23+R45 

Q=(T2-T1)/Re 


3-227 A 1 -m-inner diameter liquid oxygen storage tank at a hospital keeps the liquid oxygen at 90 K. This 
tank consists of a 0.5-cm-thick aluminum (k= 170 W/m-K) shell whose exterior is covered with a 10-cm- 
thick layer of insulation ( k = 0.02 W/m-K). The insulation is exposed to the ambient air at 20°C and the 
heat transfer coefficient on the exterior side of the insulation is 5 W/m -K. The temperature of the exterior 
surface of the insulation is 

(a) 13°C (b) 9°C (c) 2°C (d) -3°C (e) -12°C 

Answer (a) 13°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


R1=0.5 [m] 

R2=0.55 [m] 

R3=0.65 [m] 
kl =1 70 [W/m-K] 
k2=0.02 [W/m-K] 
h=5[W/m A 2-K] 

T2=293 [K] 

T 1 =90 [K] 

R1 2=(R2-R1 )/(4*pi*k1 *R1 *R2) 
R23=(R3-R2)/(4*pi*k2*R2*R3) 
R45=1/(h*4*pi*R3 A 2) 

Re=R1 2+R23+R45 

Q=(T2-T1)/Re 

Q=(T2-T3)/R45 
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3-228 The fin efficiency is defined as the ratio of the actual heat transfer from the fin to 

(a) The heat transfer from the same fin with an adiabatic tip 

(b) The heat transfer from an equivalent fin which is infinitely long 

(c) The heat transfer from the same fin if the temperature along the entire length of the fin is the same as 
the base temperature 

(d) The heat transfer through the base area of the same fin 

(e) None of the above 


Answer: (c) 


3-229 Computer memory chips are mounted on a finned metallic mount to protect them from overheating. 
A 512 MB memory chip dissipates 5 W of heat to air at 25°C. If the temperature of this chip is not exceed 
50°C, the overall heat transfer coefficient - area product of the finned metal mount must be at least 

(a) 0.2 W/°C (b) 0.3 W/°C (c) 0.4 W/°C (d) 0.5 W/°C (e) 0.6 W/°C 


Answer (a) 0.2 W/°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_1 =50 [C] 

T_2=25 [C] 

Q=5 [W] 

Q=UA*(T_1 -T_2) 


3-230 In the United States, building insulation is specified by the R-value (thermal resistance in h-ft 2 -°F/Btu 
units). A home owner decides to save on the cost of heating the home by adding additional insulation in the 
attic. If the total R-value is increased from 15 to 25, the home owner can expect the heat loss through the 
ceiling to be reduced by 

(a) 25% (b) 40% (c) 50% (d) 60% (e) 75% 


Answer (b) 40% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

R 1 =15 

R_2=25 

DeltaT=1 "Any value can be chosen" 

Q1=DeltaT/R_1 
Q2=DeltaT/R_2 
Reduction%=1 00*(Q1 -Q2)/Q1 
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3-231 Coffee houses frequently serve coffee in a paper cup that has a corrugated paper jacket surrounding 
the cup like that shown here. This corrugated jacket 

(a) serves to keep the coffee hot 

(b) increases the coffee-to-surrounding thermal resistance 

(c) lowers the temperature where the hand clasps the cup 

(d) all of the above 

(e) none of the above 



Answer (d) all of the above 


3-232 A triangular shaped fin on a motorcycle engine is 0.5-cm thick at its base and 3-cm long (normal 
distance between the base and the tip of the triangle), and is made of aluminum (k= 150 W/m-K). This fin 
is exposed to air with a convective heat transfer coefficient of 30 W/m -K acting on its surfaces. The 
efficiency of the fin is 50 percent. If the fin base temperature is 130°C and the air temperature is 25°C, the 
heat transfer from this fin per unit width is 

(a) 32 W/m (b) 47 W/m (c) 68 W/m (d) 82 W/m (e) 95 W/m 


Answer (e) 95 W/m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


h=30 [W/m-K] 
b=0.005 [m] 

1=0.03 [m] 
eff=0.5 
Ta=25 [C] 

Tb=130 [C] 
A=2*(l A 2+(b/2) A 2) A 0.5 
Qideal=h*A*(Tb-Ta) 
Q=eff*Qideal 


3-233 A plane brick wall (k = 0.7 W/m-K) is 10 cm thick. The thermal resistance of this wall per unit of 
wall area is 

(a) 0. 143 m 2 -K/W (b) 0.250 m 2 -K/W (c) 0.327 m 2 -K/W (d) 0.448 m 2 -K/W (e) 0.524 m 2 -K/W 


Answer (a) 0.143 m -K/W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

k=0.7 [W/m-K] 
t=0.1 [m] 

R=t/k 
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3-234 The equivalent thermal resistance for the thermal circuit shown here is 

(a) R 12 Rqi + ^23A^23B + ^34 

(b) 

(c) 

(d) 

(e) None of them 
Answer (d) 


^12^01 + 


^23A^23B ^ 

V^23 A + ^23 B J 


+ R 


34 


-^ 12-^01 

k R 12 +R 0l j 


+ 


^23A^23B 
V^23 A + ^235 J 


R 


34 


R ll R 23A 

tOCfc 


01 


m 


^12^01 
R X1 + i? 01 J 


+ 


^23A^23B 
V ^23 A + ^23 B J 


+ R 


34 


3-235 ■■■ 3-241 Design and Essay Problems 
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Chapter 4 

TRANSIENT HEAT CONDUCTION 


4-1 


Lumped System Analysis 

4-1C In heat transfer analysis, some bodies are observed to behave like a "lump" whose entire body 
temperature remains essentially uniform at all times during a heat transfer process. The temperature of such 
bodies can be taken to be a function of time only. Heat transfer analysis which utilizes this idealization is 
known as the lumped system analysis. It is applicable when the Biot number (the ratio of conduction 
resistance within the body to convection resistance at the surface of the body) is less than or equal to 0.1. 


4-2C The lumped system analysis is more likely to be applicable for the body cooled naturally since the 
Biot number is proportional to the convection heat transfer coefficient, which is proportional to the air 
velocity. Therefore, the Biot number is more likely to be less than 0. 1 for the case of natural convection. 


4-3C The lumped system analysis is more likely to be applicable for the body allowed to cool in the air 
since the Biot number is proportional to the convection heat transfer coefficient, which is larger in water 
than it is in air because of the larger thermal conductivity of water. Therefore, the Biot number is more 
likely to be less than 0.1 for the case of the solid cooled in the air 


4-4C The temperature drop of the potato during the second minute will be less than 4°C since the 
temperature of a body approaches the temperature of the surrounding medium asymptotically, and thus it 
changes rapidly at the beginning, but slowly later on. 

4-5C The temperature rise of the potato during the second minute will be less than 5°C since the 
temperature of a body approaches the temperature of the surrounding medium asymptotically, and thus it 
changes rapidly at the beginning, but slowly later on. 


4-6C Biot number represents the ratio of conduction resistance within the body to convection resistance at 
the surface of the body. The Biot number is more likely to be larger for poorly conducting solids since such 
bodies have larger resistances against heat conduction. 


4-7C The heat transfer is proportional to the surface area. Two half pieces of the roast have a much larger 
surface area than the single piece and thus a higher rate of heat transfer. As a result, the two half pieces will 
cook much faster than the single large piece. 


4-8C The cylinder will cool faster than the sphere since heat transfer rate is proportional to the surface 
area, and the sphere has the smallest area for a given volume. 


4-9C The lumped system analysis is more likely to be applicable in air than in water since the convection 
heat transfer coefficient and thus the Biot number is much smaller in air. 
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4-10C The lumped system analysis is more likely to be applicable for a golden apple than for an actual 
apple since the thermal conductivity is much larger and thus the Biot number is much smaller for gold. 


4-11C The lumped system analysis is more likely to be applicable to slender bodies than the well-rounded 
bodies since the characteristic length (ratio of volume to surface area) and thus the Biot number is much 
smaller for slender bodies. 


4-12 Relations are to be obtained for the characteristic lengths of a large plane wall of thickness 2 L, a very 
long cylinder of radius r n and a sphere of radius r 0 . 


Analysis Relations for the characteristic 
lengths of a large plane wall of thickness 2 L, a 
very long cylinder of radius r 0 and a sphere of 
radius r„ are 




L 


L 


L 


1/ 


c, wal I 


A 


surface 

V 


c, cylinder 


A 


surface 

V 


c, sphere 


A 


surface 


2 LA _ 

— ju 

2A 

^Q h _ r Q 
2 7rr o h 2 

4 nr] / 3 r Q 
Atzt 2 3 



4-13 A relation for the time period for a lumped system to reach the average temperature (T i + 7^) / 2 is to 
be obtained. 

Analysis The relation for time period for a lumped system to reach the average temperature (7) + ) / 2 

can be determined as 
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4-14 The temperature of a gas stream is to be measured by a thermocouple. The time it takes to register 99 
percent of the initial AT is to be determined. 

Assumptions 1 The junction is spherical in shape with a diameter of D = 0.0012 m. 2 The thermal 
properties of the junction are constant. 3 The heat transfer coefficient is constant and uniform over the 
entire surface. 4 Radiation effects are negligible. 5 The Biot number is Bi < 0.1 so that the lumped system 
analysis is applicable (this assumption will be verified). 

3 

Properties The properties of the junction are given to be k = 35 W/m.°C , p = 8500 kg/m , and 
c p = 320 J/kg.°C . 

Analysis The characteristic length of the junction and the Biot number are 



Since Bi <0.1, the lumped system analysis is applicable. 
Then the time period for the thermocouple to read 99% of the 
initial temperature difference is determined from 


m-Ty 

Ti-T„ 


0.01 



hA h 90 W/m ,C 

pc y pc L c (8500 kg/m 3 )(320 J/kg.°C)(0.0002 m) 


= 0.1654 s 


T(t) _ ht 

= e 

T -T 

M l 1 co 
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4-15E A number of brass balls are to be quenched in a water bath at a specified rate. The temperature of 
the balls after quenching and the rate at which heat needs to be removed from the water in order to keep its 
temperature constant are to be determined. 

Assumptions 1 The balls are spherical in shape with a radius of r Q = 1 in. 2 The thermal properties of the 
balls are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The 
Biot number is Bi < 0. 1 so that the lumped system analysis is applicable (this assumption will be verified). 


Properties The thermal conductivity, density, and specific heat of the brass balls are given to be k = 64. 1 
Btu/h.ft.°F, p = 532 lbm/ft 3 , and c p = 0.092 Btu/lbm.°F. 


Analysis (a) The characteristic length and the 
Biot number for the brass balls are 


Brass balls, 250°F 


L c = 


{/ tiD 5 /6 


A. 


7rD 


D 

6 


2/ 12 ft 


= 0.02778 ft OOP ^ Water bath , 120°F 


. hL 
Bi = — - 


(42 Btu/h.ft 2 .°F)(0. 02778 ft) 
(64.1 Btu/h.ft.°F) 


= 0.01820 < 0.1 



The lumped system analysis is applicable since Bi < 0.1. Then the temperature of the balls after quenching 
becomes 


b = 


hA s 

pc p V 


h 


pc p L c 


42 Btu/h.ft 2 ,°F 

(532 lbm/ft 3 )(0.092 Btu/lbm.°F)(0.02778 ft) 


= 30.9 h 4 


= 0.00858 s' 1 


T{t)-T x _ bt 

= e 

T -T 

1 Z -*00 


> 7X0 ~ 120 _ ^ -(0.00858 s' 1 )(1 20 s) 

250-120 


>r(0 = 166°F 


(b) The total amount of heat transfer from a ball during a 2-minute period is 

m = pV = p ld} — = (532 lbm/ft 3 ) ^ (2 ' 12 ft) =1 .290 lbm 
6 6 

Q = me p [7) -7X0] = (1.29 lbm)(0.092 Btu/lbm.°F)(250-166)°F = 9.97 Btu 


Then the rate of heat transfer from the balls to the water becomes 

Qtomi = ^ bail Sbaii = (120 balls/min)x (9.97 Btu) = 1196Btu/min 

Therefore, heat must be removed from the water at a rate of 1 196 Btu/min in order to keep its temperature 
constant at 120°F. 
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4-16E A number of aluminum balls are to be quenched in a water bath at a specified rate. The temperature 
of balls after quenching and the rate at which heat needs to be removed from the water in order to keep its 
temperature constant are to be determined. 

Assumptions 1 The balls are spherical in shape with a radius of r Q = 1 in. 2 The thermal properties of the 
balls are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The 
Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will be verified). 


Properties The thermal conductivity, density, and specific heat of the aluminum balls are k = 137 
Btu/h.ft.°F, p = 168 lbm/ft 3 , and c p = 0.216 Btu/lbm.°F (Table A-3E). 


Analysis (a) The characteristic length and the 
Biot number for the aluminum balls are 


Aluminum balls, 

250°F ► 


L= — = 


t/ 

A 


TIP 5 / 6 
ttD 2 


D 

6 


2 / 1 2 ft 


= 0.02778 ft 


Bi = 


hL c _ (42Btu/h.ft 2 .°F)(0.02778ft) 
k ~ (137 Btu/h.ft.°F) 


= 0.00852 < 0.1 



The lumped system analysis is applicable since Bi < 0. 1. Then the temperature of the balls after quenching 
becomes 


hA s h 
j <XpV pc p L c 


42 Btu/h.ft 2 .°F 

(168 lbm/ft 3 )(0.2 16 Btu/lbm.°F)(0. 02778 ft) 


= 41.66 h' 1 


= 0.01157 s' 1 


T(t) T m _ bt 

= e 

T -T 

-* Z -*00 


^ no-120 _ . ^ -(0.01 157 s' 1 )(1 20 s) 
250-120 


>r(0 = 152°F 


(b) The total amount of heat transfer from a ball during a 2-minute period is 

3 3 

m = pf/ = p^— = ( 168 lbm/ft 3 ) ;r(2/ 12 ft) = 0.4072 lbm 
6 6 

Q = me p [T i —T(t)\ = (0.4072 lbm)(0.2 1 6 Btu/lbm.°F)(250 - 1 52)°F = 8.62 Btu 


Then the rate of heat transfer from the balls to the water becomes 

Q tota i = ^baii2baii =(120balls/min)x (8.62 Btu) = 1034 Btu/min 

Therefore, heat must be removed from the water at a rate of 1034 Btu/min in order to keep its temperature 
constant at 120°F. 
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4-17 Milk in a thin- walled glass container is to be warmed up by placing it into a large pan filled with hot 
water. The warming time of the milk is to be determined. 

Assumptions 1 The glass container is cylindrical in shape with a 
radius of r 0 = 3 cm. 2 The thermal properties of the milk are taken 
to be the same as those of water. 3 Thermal properties of the milk 
are constant at room temperature. 4 The heat transfer coefficient is 
constant and uniform over the entire surface. 5 The Biot number in 
this case is large (much larger than 0.1). However, the lumped 
system analysis is still applicable since the milk is stirred 
constantly, so that its temperature remains uniform at all times. 

Properties The thermal conductivity, density, and specific heat of 
the milk at 20°C are k = 0.598 W/m.°C, p = 998 kg/m 3 , and c p = 

4.182 kJ/kg.°C (Table A-9). 

Analysis The characteristic length and Biot number for the glass of milk are 

L c = = ^ = ^(0.03 rn) 2 (0.07 m) 1050m 

A s iTU'tjL + lTU'l 2^(0. 03 m)(0.07 m) + 2;r(0.03 m) 

B . = j^ = <120W/ml-C)(0.0105m) = 2107>()1 
k (0.598 W/m °C) 



Water 

60°C 


For the reason explained above we can use the lumped system analysis to determine how long it will take 
for the milk to warm up to 38°C: 


b= kAs 


h 


120 W/m 2 .°C 


PC p V pc n L 


P C 


T(t) - T 


T. -T 


® = -bt 


= 0.002738 s 

(998 kg/m" )(4 1 82 J/kg.°C)(0.0105 m) 

-» t = 348 s = 5.8 min 


-l 


38 - 60 -(0.002738 s' 1 )t 


oo 


3-60 


Therefore, it will take about 6 minutes to warm the milk from 3 to 38°C. 
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4-18 A thin-walled glass containing milk is placed into a large pan filled with hot water to warm up the 
milk. The warming time of the milk is to be determined. 


Assumptions 1 The glass container is cylindrical in shape with a 
radius of r 0 = 3 cm. 2 The thermal properties of the milk are taken 
to be the same as those of water. 3 Thermal properties of the milk 
are constant at room temperature. 4 The heat transfer coefficient is 
constant and uniform over the entire surface. 5 The Biot number in 
this case is large (much larger than 0.1). However, the lumped 
system analysis is still applicable since the milk is stirred 
constantly, so that its temperature remains uniform at all times. 

Properties The thermal conductivity, density, and specific heat of 
the milk at 20°C are k = 0.598 W/m.°C, p = 998 kg/m 3 , and c p = 

4.182 kJ/kg.°C (Table A-9). 

Analysis The characteristic length and Biot number for the glass of milk are 





v 


tjxIl 


tt( 0.03 m) 2 (0.07 m) 


A s 27ir 0 L + 27ir^ 2^(0. 03 m)(0.07 m) + 2;r(0.03 m) 


= 0.01050m 


hL c 
Bi = — - 


(240 W/m 2 .°C)(0.0105 m) 
(0.598 W/m.°C) 


= 4.21 >0.1 


Water 

60°C 


For the reason explained above we can use the lumped system analysis to determine how long it will take 
for the milk to warm up to 38°C: 


b= hAs 


h 


240 W/m 2 .°C 


Pc p V pc n L 


P C 


m-T t 


T; -T 


OO -bt 

= e 


= 0.005477 s 

(998 kg/m 3 )(4182 J/kg.°C)(0.0105 m) 

->t = 174 s = 2.9 min 


-l 


38-60 -(0.005477 s' 1 )/ 

■» = e 


CO 


3-60 


Therefore, it will take about 3 minutes to warm the milk from 3 to 38°C. 


4-19 A long copper rod is cooled to a specified temperature. The cooling time is to be determined. 

Assumptions 1 The thermal properties of the geometry are constant. 2 The heat transfer coefficient is 
constant and uniform over the entire surface. 

Properties The properties of copper are k = 401 W/m°C, p = 8933 kg/m 3 , and c p = 0.385 kJ/kg-°C (Table 
A-3). 

Analysis For cylinder, the characteristic length and the Biot number are 




v 


(nD 2 / 4)L D 0.02 m 


A 


surface 


. hL 
Bi = — - 


ttDL 4 4 

(200 W/m 2 .°C)(0.005 m) 


= 0.005 m 


c 


D = 2 cm 


= 0.0025 < 0.1 


7)= 100 °C 


k (401 W/m.°C) 

Since Bi <0.1, the lumped system analysis is applicable. Then the cooling time is determined from 
M h 200 W/m 2 .°C 


b = 


pc y pc L c (8933 kg/m 3 )(385 J/kg.°C)(0.005 m) 


= 0.01 163 s 


-l 


T{t) _ ht 

= e 

T -T 

1 i -*00 


> 25 - 2 ° = e 163 s ~‘ )r > t = 23 8 s = 4.0 min 

100-20 
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4-20 The heating times of a sphere, a cube, and a rectangular prism with similar dimensions are to be 
determined. 


Assumptions 1 The thermal properties of the geometries are constant. 2 The heat transfer coefficient is 
constant and uniform over the entire surface. 


Properties The properties of silver are given to be k = 429 W/m°C, p = 10,500 kg/m 3 , and c p = 0.235 
kJ/kg-°C. 


Analysis For sphere, the characteristic length and the Biot number are 


L c = 


{/ 


A 


surface 


ttD 5 / 6 
tiD 2 


D 

6 


0.05 m 


= 0.008333 m 


hL 
Bi = — 


(12 W/m 2 .°C)(0. 008333 m) 
(429 W/m.°C) 


= 0.00023 < 0.1 



Since Bi <0.1, the lumped system analysis is applicable. Then the time period for the sphere temperature 
to reach to 25°C is determined from 


, hA h 

b = = 

pc p V pc p L c 


12 W/m 2 .°C 

(10,500 kg/m 3 )(235 J/kg.°C)(0.008333 m) 


= 0.0005836 s' 1 


T(t) T a o 

= e 

T -T 

J J cc 


-> 25 - 33 = ^-(O- 00058368 ' 1 )^ >t = 2428 s - 40.5 min 

0-33 


Cube: 


L c = 


V 


L L 0.05 m 


^surface 6L 2 6 


= 0.008333 m 


BjJ^ i 12W / m 3 . o C)(0.008333m) =a(}0023<al 


b = 


k 

hA 


(429 W/m.°C) 
h 12 W/m 2 .°C 


pc y pc L c (10,500 kg/m 3 )(235 J/kg.°C)(0.008333 m) 



Air 
h, T 0 


^( 0- ^00 — bt 

= e 

T -T 

± i J co 


Rectangular prism: 


25 _ 33 = ^-(0.0005836 s- 1 )/ > t = 2428 s = 40.5 min 

0-33 


(0.04 m)(0.05 m)(0.06 m) 


Bi = 


b = 


^surface 2 ( 0 - 04 m)(0.05 m) + 2(0.04 m)(0.06 m) + 2(0.05 m)(0.06 m) 
hL c (1 2 W/m 2 .°C)(0.008 108 m) 


= 0.008108 m 


k 

hA 


(429 W/m.°C) 


= 0.00023 < 0.1 


h 


pc,y p c p l c 

12 W/m 2 .°C 


(10,500 kg/m 3 )(235 J/kg.°C)(0.008 108 m) 


= 0.0005998 s 


-] 



T(t) T ^ _ bt 

= e 

T -T 

M i 1 co 


> 3^ = ^ -(0.0005998 s' 1 )? > , = 2363 s = 39 .4 min 

0-33 


Air 
h, T a 


The heating times are same for the sphere and cube while it is smaller in rectangular prism. 
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4-21E A person shakes a can of drink in a iced water to cool it. The cooling time of the drink is to be 
determined. 


Assumptions 1 The can containing the drink is cylindrical in shape 
with a radius of r Q = 1 .25 in. 2 The thermal properties of the drink 
are taken to be the same as those of water. 3 Thermal properties of 
the drinkare constant at room temperature. 4 The heat transfer 
coefficient is constant and uniform over the entire surface. 5 The 
Biot number in this case is large (much larger than 0.1). However, 
the lumped system analysis is still applicable since the drink is 
stirred constantly, so that its temperature remains uniform at all 
times. 

Properties The density and specific heat of water at room 
temperature are p = 62.22 lbm/ft 3 , and c p = 0.999 Btu/lbm.°F 
(Table A-9E). 

Analysis Application of lumped system analysis in this case gives 



Water 

32°F 


Drink 

90°F 



L c = 


y_ 

A., 


xr;L 


^■(1 .25 / 12 ft) - (5 / 12 ft) 


27rr 0 L + 2Tcr 0 


2n{\ .25/12 ft)(5/l 2 ft) + 2/r(l .25 / 1 2 ft) 


= 0.04167 ft 


b — 


hA s 

PCpV 


h 


P° pL c 


30 Btu/h.ft 2 .°F 

(62.22 lbm/ft 3 )(0.999 Btu/lbm.°F)(0.04167 ft) 


= 1 1.583 h' 1 


= 0.00322 s" 1 


T(t) T ^ _ bt 40-32 -(0.00322s' 1 )/ v , 41Cn 

= e > -e v ’ >t = 615s 

Tf-Tn 90-32 

Therefore, it will take 10 minutes and 15 seconds to cool the canned drink to 45°F. 
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4-10 


4-22 An iron whose base plate is made of an aluminum alloy is turned on. The time for the plate 
temperature to reach 140°C and whether it is realistic to assume the plate temperature to be uniform at all 
times are to be determined. 

Assumptions 1 85 percent of the heat generated in the resistance wires is transferred to the plate. 2 The 
thermal properties of the plate are constant. 3 The heat transfer coefficient is constant and uniform over the 
entire surface. 


Properties The density, specific heat, and thermal diffusivity of the aluminum alloy plate are given to be p 
= 2770 kg/m 3 , c p = 875 kJ/kg.°C, and a = 7.3xl0' 5 m 2 /s. The thermal conductivity of the plate can be 
determined from k = apc p = 111 W/m.°C (or it can be read from Table A-3). 

Analysis The mass of the iron's base plate is Air 

m = pV = pLA = (2770 kg/m 3 )(0.005 m)(0.03m 2 ) = 0.41 55 kg 22 ° C 


Noting that only 85 percent of the heat generated is transferred to the 
plate, the rate of heat transfer to the iron's base plate is 

Q in = 0.85x1000 W = 850 W 


The temperature of the plate, and thus the rate of heat transfer from the 
plate, changes during the process. Using the average plate temperature, 
the average rate of heat loss from the plate is determined from 


<2 loss = M(r plate>ave -T x ) = (12 W/m 2 .°C)(0.03 m 2 ) 


140 + 22 
2 


A 




-> 


-> 


■> 


■> 


Energy balance on the plate can be expressed as 

£ in - £ out = Opiate “> Qin At ~ Q out Af = A£ plate = ™ p Opiate 


Solving for At and substituting, 

^_mc p AT plate _ (0.4155 kg)(875 J/kg.°C)(140-22)°C 
-Gout (850-21.2) J/s 


which is the time required for the plate temperature to reach 140 °C . To determine whether it is realistic to 
assume the plate temperature to be uniform at all times, we need to calculate the Biot number, 


U T A 

L = — - — -L - 0.005 m 
A, A 

. hL c (12 W/m 2 .°C)(0.005 m) 

Bi = = 

k (177.0 W/m.°C) 


= 0.00034 <0.1 


It is realistic to assume uniform temperature for the plate since Bi < 0.1. 

Discussion This problem can also be solved by obtaining the differential equation from an energy balance 
on the plate for a differential time interval, and solving the differential equation. It gives 

T(t) = T o0 +%-fl-exp( — —t) 

hA me _ 

V p J 

Substituting the known quantities and solving for t again gives 51.8 s. 
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4-23 EES Prob. 4-22 is reconsidered. The effects of the heat transfer coefficient and the final plate 
temperature on the time it will take for the plate to reach this temperature are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


4-11 


"GIVEN" 

E_dot=1000 [W] 

L=0.005 [m] 

A=0.03 [m A 2] 

T_infinity=22 [C] 

T_i=T infinity 

h=12 [W/m A 2-C] 
f_heat=0.85 
T_f=140 [C] 

"PROPERTIES" 
rho=2770 [kg/m A 3] 

C_p=875 [J/kg-C] 
alpha=7.3E-5 [m A 2/s] 

"ANALYSIS" 

V=L*A 

m=rho*V 

Q_dot_in=f_heat*E_dot 

Q_dot_out=h*A*(T_ave-T_infinity) 

T_ave=1/2*(T_i+T_f) 

(Q_dot_in-Q_dot_out)*time=m*C_p*(T_f-TJ) "energy balance on the plate" 


h [W/m\C] 

time [s] 

5 

51 

7 

51.22 

9 

51.43 

11 

51.65 

13 

51.88 

15 

52.1 

17 

52.32 

19 

52.55 

21 

52.78 

23 

53.01 

25 

53.24 


Tf [C] 

time [s] 

30 

3.428 

40 

7.728 

50 

12.05 

60 

16.39 

70 

20.74 

80 

25.12 

90 

29.51 

100 

33.92 

110 

38.35 

120 

42.8 
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time [s] time [s] 


4-12 


130 

47.28 

140 

51.76 

150 

56.27 

160 

60.8 

170 

65.35 

180 

69.92 

190 

74.51 

200 

79.12 
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4-13 


4-24 Ball bearings leaving the oven at a uniform temperature of 900°C are exposed to air for a while before 
they are dropped into the water for quenching. The time they can stand in the air before their temperature 
falls below 850°C is to be determined. 


Assumptions 1 The bearings are spherical in shape with a radius of r 0 = 0.6 cm. 2 The thermal properties of 
the bearings are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 
The Biot number is Bi < 0. 1 so that the lumped system analysis is applicable (this assumption will be 
verified). 

Properties The thermal conductivity, density, and specific heat of the bearings are given to be k = 15.1 
W/m.°C, p = 8085 kg/m 3 , and c p = 0.480 kJ/kg.°F. 

Analysis The characteristic length of the steel ball bearings and Biot number are 


L c = 


hL c 
Bi = — - 


{/ ttD 5 16 _ D _ 0.012m 

kD 2 6 6 

2 


A 


= 0.002 m 


(125 W/m .°C)(0.002 m) 
(15.1 W/m.°C) 


= 0.0166 <0.1 


Therefore, the lumped system analysis is applicable. 
Then the allowable time is determined to be 


Furnace 



Steel balls Air, 30°C 
900°C 

► 


ooooo 


b — hAs 


h 


125 W/m 2 .°C 


pc V pc L c (8085 kg/m 3 )(480 J/kg.°C)(0.002 m) 


= 0.01610 s 


-l 


7X0 -T 


T; -T 


OO -bt 

= e 


> 850-30 _ ^-(o.oi6i s' 1 )/ 


oo 


900-30 


a t = 3.68 s 


The result indicates that the ball bearing can stay in the air about 4 s before being dropped into the water. 
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4-25 A number of carbon steel balls are to be annealed by heating them first and then allowing them to 
cool slowly in ambient air at a specified rate. The time of annealing and the total rate of heat transfer from 
the balls to the ambient air are to be determined. 


Assumptions 1 The balls are spherical in shape with a radius of r Q = 4 mm. 2 The thermal properties of the 
balls are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The 
Biot number is Bi < 0. 1 so that the lumped system analysis is applicable (this assumption will be verified). 


Properties The thermal conductivity, density, and specific heat of the balls are given to be k = 54 W/m.°C, 
p = 7833 kg/m 3 , and c p = 0.465 kJ/kg.°C. 

Analysis The characteristic length of the balls and the Biot number are 



Bi = 


A 


{/ ttD 5 /6 _D _ 0.008 m 

7rD 2 6 6 

hL c _ (75 W/m 2 .°C)(0.0013m) 
(54 W/m.°C) 


= 0.0013 m 


= 0.0018 < 0.1 


Therefore, the lumped system analysis is applicable. 
Then the time for the annealing process is 
determined to be 


Furnace 



Steel balls 
900°C 



Air, 35°C 


> 



b = kAs 


h 


75 W/m.C 


pc p V pc D L 


= 0.01584 s 


-l 


p c 


m-r t 


T ; -T 


OO -bt 

= e 


(7833 kg/m )(465 J/kg.°C)(0.0013 m) 

— > t = 163 s = 2.7 min 


100-35 -(0.01584 s' 1 )t 

-> = e ’ 


oo 


900-35 


The amount of heat transfer from a single ball is 

u 711)1 / 3, ^-(0.008 m) 3 nnnoll 

m - pv - p = (7833 kg/m ) = 0.002 lkg 

6 6 

Q = me p [T f -T t ] = (0.002 1 kg)(465 J/kg.°C)(900 - 100)°C = 781 J = 0.781 kJ (per ball) 


Then the total rate of heat transfer from the balls to the ambient air becomes 
Q = n ball g = (2500balls/h)x (0.781kJ/bal^ = 1,953 kJ/h = 543 W 
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4-26 EES Prob. 4-25 is reconsidered. The effect of the initial temperature of the balls on the annealing time 
and the total rate of heat transfer is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.008 [m] 

T_j=900 [C] 

T_f=1 00 [C] 

T_infinity=35 [C] 
h=75 [W/m A 2-C] 
n_dot_ball=2500 [1/h] 

"PROPERTIES" 
rho=7833 [kg/m A 3] 
k=54 [W/m-C] 

C_p=465 [J/kg-C] 
alpha=1 .474E-6 [m A 2/s] 

"ANALYSIS" 

A=pi*D A 2 

V=pi*D A 3/6 

L_c=V/A 

Bi=(h*L_c)/k "if Bi < 0.1 , the lumped sytem analysis is applicable" 
b=(h*A)/(rho*C_p*V) 

(T_f-T_infinity)/(T_i-TJnfinity)=exp(-b*time) 

m=rho*V 

Q= m * C_p * (T_i -T_f ) 

Q_dot=n_dot_baH*Q*Convert(J/h, W) 


Tr [C] 

time [s] 

Q [W] 

500 

127.4 

271.2 

550 

134 

305.1 

600 

140 

339 

650 

145.5 

372.9 

700 

150.6 

406.9 

750 

155.3 

440.8 

800 

159.6 

474.7 

850 

163.7 

508.6 

900 

167.6 

542.5 

950 

171.2 

576.4 

1000 

174.7 

610.3 



T, [C] 
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4-27 An electronic device is on for 5 minutes, and off for several hours. The temperature of the device at 
the end of the 5 -min operating period is to be determined for the cases of operation with and without a heat 
sink. 

Assumptions 1 The device and the heat sink are isothermal. 2 The thermal properties of the device and of 
the sink are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 


Properties The specific heat of the device is given to be c p = 850 J/kg.°C. The specific heat of the 
aluminum sink is 903 J/kg.°C (Table A-3), but can be taken to be 850 J/kg.°C for simplicity in analysis. 


Analysis (a) Approximate solution 

This problem can be solved approximately by using an average temperature 
for the device when evaluating the heat loss. An energy balance on the device 
can be expressed as 


Electronic 
device 
20 W 


^in ^out ^generation ^^device ^ Qout^ ^ ^generation ^ I 11 C pA Tjevice 


or, 


^ generation ^ ^A s 


T + T 




oo 


2 


T 


oo 


At = mc p (T-T a0 ) 


Substituting the given values, 



(20 J/s)(5 x 60 s) - (12 W/m 2 .°C)(0.0004 m 2 ) 


T- 25 
2 


A 


C(5 x 60 s) — (0.02 kg)(850 J/kg.°C)(r - 25)°C 


which gives T = 363.6°C 

If the device were attached to an aluminum heat sink, the temperature of the device would be 

r T- 25 A 


(20 J/s)(5 x 60 s) - (12 W/m 2 .°C)(0.0084 m 2 ) 


°C(5 x 60 s) 


= (0.20 + 0.02)kg x (850 J/kg.°C)(r - 25)°C 


which gives T = 54.7°C 

Note that the temperature of the electronic device drops considerably as a result of attaching it to a heat 
sink. 


(b) Exact solution 

This problem can be solved exactly by obtaining the differential equation from an energy balance on the 
device for a differential time interval dt. We will get 

d(T — Tqo ) hA s ^generation 

, ' 'C€ / “ 

dt me p me p 


It can be solved to give 

E 

m = T rlj + 


generation 

M, 


( M ^ 

1 - exp(- — — L. t) 


me 


p J 


Substituting the known quantities and solving for t gives 363.4°C for the first case and 54.6°C for the 
second case, which are practically identical to the results obtained from the approximate analysis. 
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Transient Heat Conduction in Large Plane Walls, Long Cylinders, and Spheres 

4-28C A cylinder whose diameter is small relative to its length can be treated as an infinitely long cylinder. 
When the diameter and length of the cylinder are comparable, it is not proper to treat the cylinder as being 
infinitely long. It is also not proper to use this model when finding the temperatures near the bottom or top 
surfaces of a cylinder since heat transfer at those locations can be two-dimensional. 


4-29C Yes. A plane wall whose one side is insulated is equivalent to a plane wall that is twice as thick and 
is exposed to convection from both sides. The midplane in the latter case will behave like an insulated 
surface because of thermal symmetry. 


4-30C The solution for determination of the one-dimensional transient temperature distribution involves 
many variables that make the graphical representation of the results impractical. In order to reduce the 
number of parameters, some variables are grouped into dimensionless quantities. 


4-31C The Fourier number is a measure of heat conducted through a body relative to the heat stored. Thus 
a large value of Fourier number indicates faster propagation of heat through body. Since Fourier number is 
proportional to time, doubling the time will also double the Fourier number. 


4-32C This case can be handled by setting the heat transfer coefficient h to infinity oo since the 
temperature of the surrounding medium in this case becomes equivalent to the surface temperature. 


4-33C The maximum possible amount of heat transfer will occur when the temperature of the body reaches 
the temperature of the medium, and can be determined from <2 max = me (T^ -T t ) . 


4-34C When the Biot number is less than 0.1, the temperature of the sphere will be nearly uniform at all 
times. Therefore, it is more convenient to use the lumped system analysis in this case. 


4-35 A student calculates the total heat transfer from a spherical copper ball. It is to be determined whether 
his/her result is reasonable. 


Assumptions The thermal properties of the copper ball are constant at room temperature. 


3 

Properties The density and specific heat of the copper ball are p = 8933 kg/m , and c p = 0.385 kJ/kg.°C 
(Table A-3). 


Analysis The mass of the copper ball and the maximum 
amount of heat transfer from the copper ball are 


m = py — p 


r ttD 3 ^ 


= (8933 kg/m 3 ) 


^■(0.18 m) 


= 27.28 kg 


<2 max =™c p [T i - ] = (27.28 kg)(0.385kJ/kg.°C)(200-25)°C = l 838 kJ 


Discussion The student's result of 3 150 kJ is not reasonable since it is 
greater than the maximum possible amount of heat transfer. 
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4-36 Tomatoes are placed into cold water to cool them. The heat transfer coefficient and the amount of heat 
transfer are to be determined. 


Assumptions 1 The tomatoes are spherical in shape. 2 Heat conduction in the tomatoes is one-dimensional 
because of symmetry about the midpoint. 3 The thermal properties of the tomatoes are constant. 4 The heat 
transfer coefficient is constant and uniform over the entire surface. 5 The Fourier number is t > 0.2 so that 
the one-term approximate solutions (or the transient temperature charts) are applicable (this assumption 
will be verified). 


Properties The properties of the tomatoes are given to be k = 0.59 W/m.°C, a = 0.141x10’ m /s, p = 999 
kg/m 3 and c p = 3.99 kJ/kg.°C. 

Analysis The Fourier number is 


at (0.141xl(T 6 m 2 /s)(2x 3600s) 
t = — — = = 0.635 

r 0 2 (0.04 m) 2 

which is greater than 0.2. Therefore one-term solution is 
applicable. The ratio of the dimensionless temperatures at 
the surface and center of the tomatoes are 


T S ~ T O0 A e -X?T Sin (^l) 

^s,sph _ Tj -Tqq _ T s - T rJ0 A 1 _ sin(T 1 ) 

^o,sph ~^oo ~ T oo A x e~ Xx z 

Ti-T„ 



Substituting, 


7.1-7 

10-7 


sin(Tj ) 

h 


=3.0401 


From Table 4-2, the corresponding Biot number and the heat transfer coefficient are 
Bi = 31.1 


Bi = 


hr 0 

k 


>h = 



(0.59 W/m.°C)(3 1.1) 
(0.04 m) 


= 459 W/m 2 .°C 


The maximum amount of heat transfer is 


m = = 8pxD 3 /6 = 8(999 kg/m 3 )|>(0.08 m) 3 / 6] = 2.143 kg 

6 max = mc p [T l -T x ] = (2. 143 kg)(3.99 kj/kg.°C)(30 - 7)°C = 196.6 kJ 


Then the actual amount of heat transfer becomes 


Q 


v Q max J cy i 


Q 

Q 


1-3 


T 0 Tqq 

v T i — Too j 


sin yij -A l cos/lj 

A 3 


0.9565 Q max 

0.9565(196.6 kJ) = 188 kJ 


1-3 


10-7 

30-7 


sin(3 . 040 1) - (3 .040 1) cos(3 .040 1) 
(3. 0401) 3 


0.9565 
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4-37 An egg is dropped into boiling water. The cooking time of the egg is to be determined. V 

Assumptions 1 The egg is spherical in shape with a radius of r Q = 2.75 cm. 2 Heat conduction in the egg is 
one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the egg are constant 
4 The heat transfer coefficient is constant and uniform over the entire surface. 4 The Fourier number is t > 
0.2 so that the one-term approximate solutions (or the transient temperature charts) are applicable (this 
assumption will be verified). 

Properties The thermal conductivity and diffusivity of the eggs are given to be k = 0.6 W/m.°C and a = 
0.14xl0' 6 m 2 /s. 


Analysis The Biot number for this process is 

„ hr (1400 W/m 2 .°C)(0.0275 m) 

Bi = = 64.2 

k (0.6 W/m.°C) 

The constants A l and A 1 corresponding to this Biot 
number are, from Table 4-2, 

= 3.0877 and A l =1.9969 
Then the Fourier number becomes 


Water 




— — — = A x e~^ T 
T -T 

J l x oo 


70-97 

8-97 


(1.9969>" (3 0877)2r 


> r = 0.198 


0.2 


Therefore, the one-term approximate solution (or the transient temperature charts) is applicable. Then the 
time required for the temperature of the center of the egg to reach 70°C is determined to be 


t = 


vr; _ (0.198)(0.0275 m) 2 
a (0.14x 10 -6 m 2 /s) 


= 1070 s = 17.8 min 
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4-38 EES Prob. 4-37 is reconsidered. The effect of the final center temperature of the egg on the time it 
will take for the center to reach this temperature is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.055 [m] 

T_i=8 [C] 

T_o=70 [C] 

T_infinity=97 [C] 
h=1400 [W/m A 2-C] 

"PROPERTIES" 
k=0.6 [W/m-C] 
alpha=0.14E-6 [m A 2/s] 

"ANALYSIS" 

Bi=(h*r_o)/k 

r_o=D/2 

"From Table 4-2 corresponding to this Bi number, we read" 
lambda_1 =1.9969 
A_1 =3.0863 

(T_o-TJnfinity)/(T_i-T_infinity)=A_1 *exp(-lambda_1 A 2*tau) 
time=(tau*r_o A 2)/alpha*Convert(s, min) 


T 0 [C] 

time [min] 

50 

39.86 

55 

42.4 

60 

45.26 

65 

48.54 

70 

52.38 

75 

57 

80 

62.82 

85 

70.68 

90 

82.85 

95 

111.1 
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4-39 Large brass plates are heated in an oven. The surface temperature of the plates leaving the oven is to 
be determined. 


Assumptions 1 Heat conduction in the plate is one-dimensional since the plate is large relative to its 
thickness and there is thermal symmetry about the center plane. 3 The thermal properties of the plate are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The properties of brass at room temperature are given to be k = 110 W/m.°C, a = 33.9x10' m /s 


Analysis The Biot number for this process is 


Bi = 


hL 

k 


(80 W/m 2 .°C)(0.015m) 
(110 W/m.°C) 


0.0109 


The constants A 1 and A { corresponding to this Biot 
number are, from Table 4-2, 

A 1 =0.1035 and Aj =1.0018 

The Fourier number is 


Plates 

25°C 


_ at _ (33.9 x 10 6 m 2 /s)(10minx 60s/min) _qq 4 > q 2 
L 2 (0.015 m) 2 



Therefore, the one-term approximate solution (or the transient temperature charts) is applicable. Then the 
temperature at the surface of the plates becomes 


9(L, t) wall = r( y f f r °° = A x e~^ T cos (A^L/L) = (1.0018)e~ <0 1035)2<90 - 4) cos(0.1035) = 0.378 
T(L, f)-700 


T -T 

± l ± GO 


25-700 


- 0.378 > T(L, 0 = 445 °C 


Discussion This problem can be solved easily using the lumped system analysis since Bi < 0. 1, and thus 
the lumped system analysis is applicable. It gives 


k k 1 10 W/m°C 6 3 

a = > pc = — = 7 — r = 3.245 x 10 W-s/m -°C 


b = 


P c p 

hA 


P cc 33.9xl0 _6 m 2 Is 


hA 


h 


h 


80 W/m 2 -°C 


pVc p{LA)c pLc L(k/a) (0.015 m)(3.245xl0 6 W-s/m 3 -°C) 


= 0.001644 s 


-1 


T (t) Tec =e -bt T(t) = T a0 +(T i -T o0 )e~ b ' = 700 o C + (25-700 o C)e H ° 001644s ' 1)<600s) =448°C 

which is almost identical to the result obtained above. 
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4-40 EES Prob. 4-39 is reconsidered. The effects of the temperature of the oven and the heating time on 
the final surface temperature of the plates are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.03/2 [m] 

T i=25 [C] 

T_infinity=700 [C] 
time=10 [min] 
h=80 [W/m A 2-C] 

"PROPERTIES" 
k=1 1 0 [W/m-C] 
alpha=33.9E-6 [m A 2/s] 

"ANALYSIS" 

Bi=(h*L)/k 

"From Table 4-2, corresponding to this Bi number, we read" 
lambda_1=0.1039 
A 1 =1 .0018 

tau=(alpha*time*Convert(min, s))/L A 2 

(T_L-T_infinity)/(TJ-T_infinity)=A_1 *exp(-lambda_1 A 2*tau)*Cos(lambda_1 *L/L) 


TsJC] 

T l [C] 

500 

321.6 

525 

337.2 

550 

352.9 

575 

368.5 

600 

384.1 

625 

399.7 

650 

415.3 

675 

430.9 

700 

446.5 

725 

462.1 

750 

477.8 

775 

493.4 

800 

509 

825 

524.6 

850 

540.2 

875 

555.8 

900 

571.4 


time [min] 

t l [C] 

2 

146.7 

4 

244.8 

6 

325.5 

8 

391.9 

10 

446.5 

12 

491.5 

14 

528.5 

16 

558.9 
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4-41 A long cylindrical shaft at 400°C is allowed to cool slowly. The center temperature and the heat 
transfer per unit length of the cylinder are to be determined. 

Assumptions 1 Heat conduction in the shaft is one-dimensional since it is long and it has thermal symmetry 
about the center line. 2 The thermal properties of the shaft are constant. 3 The heat transfer coefficient is 
constant and uniform over the entire surface. 4 The Fourier number is t > 0.2 so that the one-term 
approximate solutions (or the transient temperature charts) are applicable (this assumption will be verified). 

Properties The properties of stainless steel 304 at room temperature are given to be k = 14.9 W/m.°C, p = 
7900 kg/m 3 , c p = 477 J/kg.°C, a = 3.95xl(T 6 m 2 /s 

Analysis First the Biot number is calculated to be 

hr a (60 W/m 2 .°C)(0.175 m) Air 

k (14.9 W/m.°C) 7W50°C 

The constants A l and A x corresponding to this 
Biot number are, from Table 4-2, 

A x = 1.0904 and Aj =1.1548 

The Fourier number is 


Steel shaft 
T x = 400°C 


T = 


at 
L 2 


(3.95 xl(T 6 m 2 /s)(20x60s) 
(0.175 m) 2 


0.1548 


which is very close to the value of 0.2. Therefore, the one-term approximate solution (or the transient 
temperature charts) can still be used, with the understanding that the error involved will be a little more 
than 2 percent. Then the temperature at the center of the shaft becomes 


a 


T 0 ~T X 


= A x e~ x ' T = (1.1548)e 


0,cyl 


T -T 

± l -*00 


-( 1 . 0904) 2 ( 0 . 1548 ) 


r 0 -150 
400-150 


= 0.9607 


aT a = 390 °C 


0.9607 


The maximum heat can be transferred from the cylinder per meter of its length is 

m = pi/ = pjirl L = (7900 kg/m 3 )[^(0. 175 m) 2 (lm)] = 760.1kg 

£ max = me p [T^ -T t ] = (760. 1 kg)(0.477 kJ/kg.°C)(400 - 1 50)°C = 90,640 kJ 


Once the constant J x = 0.4679 is determined from Table 4-3 corresponding to the constant A x =1.0904, the 
actual heat transfer becomes 


Q 


V Q max J cy i 


Q 


1-2 


f T> 'T' 

O — GO 

T -T 

\ 1 1 ^ j 


J l (^i ) 

Ti 


= 1-2 


390-150" 

400-150, 


0.4679 

1.0904 


0.176 1(90,640 kJ) = 15,960 kJ 


0.1761 
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4-42 EES Prob. 4-41 is reconsidered. The effect of the cooling time on the final center temperature of the shaft 
and the amount of heat transfer is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
r_o=0.35/2 [m] 

TJ=400 [C] 

T_infinity=150 [C] 
h=60 [W/m A 2-C] 
time=20 [min] 

"PROPERTIES" 
k=14.9 [W/m-C] 
rho=7900 [kg/m A 3] 

C_p=477 [J/kg-C] 
alpha=3.95E-6 [m A 2/s] 

"ANALYSIS" 

Bi=(h*r_o)/k 

"From Table 4-2 corresponding to this Bi number, we read" 
lambdaj =1.0935 
A_1=1 .1558 

J_1 =0.4709 "From Table 4-3, corresponding to lambda_1" 
tau=(alpha*time*Convert(min, s))/r_o A 2 

(T_o-T_infinity)/(T i-T infinity)=A_1 *exp(-lambda_1 A 2*tau) 

L=1 "[m], 1 m length of the cylinder is considered" 

V=pi*r_o A 2*L 

m=rho*V 

Q_max=m*C_p*(TJ-T_infinity)*Convert(J, kJ) 
Q/Q_max=1-2*(T_o-TJnfinity)/(T_i-TJnfinity)*J_1/lambda_1 


time 

[min] 

To [C] 

Q [kJ] 

5 

425.9 

4491 

10 

413.4 

8386 

15 

401.5 

12105 

20 

390.1 

15656 

25 

379.3 

19046 

30 

368.9 

22283 

35 

359 

25374 

40 

349.6 

28325 

45 

340.5 

31142 

50 

331.9 

33832 

55 

323.7 

36401 

60 

315.8 

38853 
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4-43E Long cylindrical steel rods are heat-treated in an oven. Their centerline temperature when they leave 
the oven is to be determined. 


Assumptions 1 Heat conduction in the rods is one-dimensional since the rods are long and they have 
thermal symmetry about the center line. 2 The thermal properties of the rod are constant. 3 The heat 
transfer coefficient is constant and uniform over the entire surface. 4 The Fourier number is x > 0.2 so that 
the one-term approximate solutions (or the transient temperature charts) are applicable (this assumption 
will be verified). 

Properties The properties of AISI stainless steel rods are given to be k = 7.74 Btu/h.ft.°F, a = 0.135 ft /h. 
Analysis The time the steel rods stays in the oven can be determined from 


length 

velocity 


21ft 
7 ft/min 


= 3 min = 180 s 


The Biot number is 

B ._hr 0 _ (20Btu/h.ft 2 .°F)(2/12ft) _ Q 130? 
1 k (7.74 Btu/h.ft.°F) 



Oven, 1700°F 


Steel rod, 70°F — ► 





The constants A x and A x corresponding to this Biot number are, from Table 4-2, 
X x = 0.8790 and Aj =1.0996 
The Fourier number is 

T _at__ (0.135 ft 2 /h)(3/60h) _ ^ 
r c 2 (2/12 ft) 2 

Then the temperature at the center of the rods becomes 

0 Ocyl = T ° ~ r< ” = A x e~^ z = (1.0996)e" (0 ' 8790)2(0 ' 243) = 0.911 
L/ — ^oo 

r 0 -1700 

— = 0.911 >T n = 215°F 

70-1700 
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4-44 Steaks are cooled by passing them through a refrigeration room. The time of cooling is to be 
determined. 


Assumptions 1 Heat conduction in the steaks is one-dimensional since the steaks are large relative to their 
thickness and there is thermal symmetry about the center plane. 3 The thermal properties of the steaks are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The properties of steaks are given to be k = 0.45 W/m.°C and a = 0.91 x 10‘ m /s 
Analysis The Biot number is 


Bi = 


hL 

k 


(9 W/m 2 .°C)(0.01m) 
(0.45 W/m.°C) 


0.200 


The constants A x and A x corresponding to this 
Biot number are, from Table 4-2, 

A x = 0.4328 and A x =1.0311 
The Fourier number is 


T(L,t)-T x 
T t ~T X 
2 -(- 11 ) 
25 -(-11) 


= A x e~^ z cos (AjL/L) 

= (1.03 1 i) e (0 4328)2 ^ cos(0.4328) 



Steaks 

25°C 


Refrigerated air 
-11°C 


>r = 5.085 >0.2 


Therefore, the one-term approximate solution (or the transient temperature charts) is applicable. Then the 
length of time for the steaks to be kept in the refrigerator is determined to be 


t = 


tL 2 (5.085)(0.01 m) 


a 0.91xl0~ 7 m z /s 


= 5590 s = 93.1 min 
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4-45 A long cylindrical wood log is exposed to hot gases in a fireplace. The time for the ignition of the 
wood is to be determined. 


Assumptions 1 Heat conduction in the wood is one-dimensional since it is long and it has thermal 
symmetry about the center line. 2 The thermal properties of the wood are constant. 3 The heat transfer 
coefficient is constant and uniform over the entire surface. 4 The Fourier number is x > 0.2 so that the one- 
term approximate solutions (or the transient temperature charts) are applicable (this assumption will be 
verified). 

Properties The properties of wood are given to be k = 0. 17 W/m.°C, a = 1 .28x10" m /s 
Analysis The Biot number is 


hr n 
Bi = — — 


(13.6 W/m 2 .°C)(0.05m) 

(0.17 W/m.°C) 

The constants and corresponding to this 
Biot number are, from Table 4-2, 

A 1 =1.9081 and A { =1.4698 

Once the constant J 0 is determined from Table 4-3 corresponding 
to the constant A l =1.9081, the Fourier number is determined to be 

T(r 0 ,t)-T c 


= 4.00 


10 cm 



T -T 
420-550 
15-550 


= A l e A ' Tj o(^\ r o /r o) 


= (1 .4698)<T (L9081)2r (0.2771) > r = 0. 142 


Hot gases 
550°C 


which is not above the value of 0.2 but it is close. We use one-term approximate solution (or the transient 
temperature charts) knowing that the result may be somewhat in error. Then the length of time before the 
log ignites is 


t = 



a 


(0.142)(0.05 m) 2 
(1.28xl0 -7 m 2 /s) 


= 2770 s = 46.2 min 
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4-46 A rib is roasted in an oven. The heat transfer coefficient at the surface of the rib, the temperature of the outer 
surface of the rib and the amount of heat transfer when it is rare done are to be determined. The time it will take to 
roast this rib to medium level is also to be determined. 

Assumptions 1 The rib is a homogeneous spherical object. 2 Heat conduction in the rib is one-dimensional because of 
symmetry about the midpoint. 3 The thermal properties of the rib are constant. 4 The heat transfer coefficient is 
constant and uniform over the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate 
solutions (or the transient temperature charts) are applicable (this assumption will be verified). 

Properties The properties of the rib are given to be k = 0.45 W/m.°C, p = 1200 kg/m 3 , c p = 4. 1 kJ/kg.°C, and a = 
0.91xl0" 7 m 2 /s. 

Analysis (a) The radius of the roast is determined to be 

3.2 kg 


m = pV 




= 0.002667 m 


p 1200 kg/m 


The Fourier number is 


*r =3, 


W _ 3 j 3(0.002667 m 3 ) 


4 n 


4 n 


= 0.08603 m 


at (0.91xl(T 7 m z /s)(2x3600 + 45x60)s 


T = 


= 0.1217 



r; (0.08603 m) z 

which is somewhat below the value of 0.2. Therefore, the one-term approximate solution (or the transient temperature 
charts) can still be used, with the understanding that the error involved will be a little more than 2 percent. Then the 
one-term solution can be written in the form 

60-163 

^/» /U 1 v 


e. 


0 ,sph 


^ r - = Aig~^ r 


-» 


= 0.65 = A,e 


T; -T 


OO 


4.5-163 


-V (0.1217) 


It is determined from Table 4-2 by trial and error that this equation is satisfied when Bi = 30, which corresponds to 
A, i = 3.0372 and Aj = 1.9898 . Then the heat transfer coefficient can be determined from 


hr, 
Bi = — — 


■>h = 


kBi (0.45 W/m.°C)(30) 


= 156.9 W/m .C 


(0.08603 m) 

This value seems to be larger than expected for problems of this kind. This is probably due to the Fourier number being 
less than 0.2. 

(b) The temperature at the surface of the rib is 

T(r 0 ,t)-T c 

°( r oA)sph = 


00 


= A, e 


i 2 

-A, T 


T ; ~T 


sin(Aj r Q / r Q ) _ ^ 9393)^ _ ( 3 - 0372 ) 2 ( 0 . 1217 ) sin(3. 0372 rad) 


OO 


T(r Q9 0-163 


= 0.0222 


Mo /r o 

>T(r 0 ,t) = 159.5 °C 


3.0372 


4.5-163 

(c) The maximum possible heat transfer is 

e max = me p (T x -Tf) = (3.2 kg)(4.1 kJ/kg.°C)(163 - 4.5)°C = 2080 Id 

Then the actual amount of heat transfer becomes 

6 _ 1 _3^ ^ sin^! ) - cosC^ ) _ 1 _ 3(Q sin(3.0372)-(3.0372)cos(3.0372) _ q jgg 


Q 


o,sph 


max 


A, 


(3.0372) 


Q = 0.783Q max = (0.783)(2080 kJ) = 1629 kj 
(i d) The cooking time for medium-done rib is detennined to be 

71-163 


a 


0 ,sph 


T ° Tco = A x e~^ T 


T s -T 


OO 


4.5-163 


= (1.9898)£ -(3 0372) r >r = 0.1336 


t = 


rr ( ; _ (0.1336)(0.08603 m) 
a (0.91 xlO -7 m 2 /s) 


= 1 0,866 s = 181 min = 3 hr 


This result is close to the listed value of 3 hours and 20 minutes. The difference between the two results is due to the 
Fourier number being less than 0.2 and thus the error in the one-term approximation. 

Discussion The temperature of the outer parts of the rib is greater than that of the inner parts of the rib after it is taken 
out of the oven. Therefore, there will be a heat transfer from outer parts of the rib to the inner parts as a result of this 
temperature difference. The recommendation is logical. 
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4-47 A rib is roasted in an oven. The heat transfer coefficient at the surface of the rib, the temperature of the outer 
surface of the rib and the amount of heat transfer when it is well-done are to be determined. The time it will take to 
roast this rib to medium level is also to be determined. 

Assumptions 1 The rib is a homogeneous spherical object. 2 Heat conduction in the rib is one-dimensional because of 
symmetry about the midpoint. 3 The thermal properties of the rib are constant. 4 The heat transfer coefficient is 
constant and uniform over the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate 
solutions (or the transient temperature charts) are applicable (this assumption will be verified). 

Properties The properties of the rib are given to be k = 0.45 W/m.°C, p = 1200 kg/nT, c p = 4. 1 kJ/kg.°C, and a = 
0.91xl0" 7 m 2 /s 

Analysis (a) The radius of the rib is determined to be 

3.2 kg 


m = pi/ 


rn 

*[/ = - = 


= 0.00267 m 


p 1200 kg/m 


i/ = — tut] — 

3 ° 

The Fourier number is 


■> r n =3, 


W _ 3 / 3(0.00267 m ) 


4 n 


4 n 


= 0.08603 m 


at (0.91xl(T 7 rrr/s)(4x 3600 + 15x 60)s 


T = 


= 0.1881 



r Q (0.08603 m) z 

which is somewhat below the value of 0.2. Therefore, the one-term approximate solution (or the transient temperature 
charts) can still be used, with the understanding that the error involved will be a little more than 2 percent. Then the 
one-term solution formulation can be written in the form 

77-163 


a 


0 ,sph 


T ° — T - = A xe ~ X[2T 


T; ~T 


A 


CO 


4.5-163 


= 0.543 = V 


-V ( 0 . 1 881 ) 


It is determined from Table 4-2 by trial and error that this equation is satisfied when Bi = 4.3, which corresponds to 
Tj = 2.4900 and A x = 1 .7402 . Then the heat transfer coefficient can be determined from. 


hr n 
Bi = — — 


->h = 


kBi (0.45 W/m.°C)(4.3) 


(0.08603 m) 


= 22.5 W/m .C 


(b) The temperature at the surface of the rib is 


sln(249) 


T: ~T 


co 


T(r Q9 0-163 


= 0.132 


A r 0 !r 0 

*T(r 0 ,t) = 142.1 °C 


2.49 


4.5-163 

(c) The maximum possible heat transfer is 

G max =mc p (T x -T { ) = (3.2 kg)(4. 1 kJ/kg.°C)(l 63 - 4.5)°C = 2080 kJ 

Then the actual amount of heat transfer becomes 

C =1-30 1 ^ C0S(i| > = 1 - 3(0.543) Sin(2 4,) - ( 2 4i) )“< 2 4S) ) = Q.727 


Q 


o,sph 


max 


JL 


(2.49) 


Q = 0. 727(9 max = (0.727)(2080 kJ) = 1512 kJ 

(i d ) The cooking time for medium-done rib is determined to be 

71-163 


6, 


T 0 ~T o o 


0,spli 


T : ~T 


- A x e 


i 2 

—A, T 


-> 


CO 


4.5-163 


= (1 .7402)e“ (2 ' 49) r > t = 0.177 


t = 


zr; (0. 177)(0.08603 m) 


= 14,400 s = 240 min = 4 hr 


a (0.91xl0 -7 m 2 /s) 

This result is close to the listed value of 4 hours and 15 minutes. The difference between the two results is probably 
due to the Fourier number being less than 0.2 and thus the error in the one-term approximation. 

Discussion The temperature of the outer parts of the rib is greater than that of the inner parts of the rib after it is taken 
out of the oven. Therefore, there will be a heat transfer from outer parts of the rib to the inner parts as a result of this 
temperature difference. The recommendation is logical. 
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4-48 An egg is dropped into boiling water. The cooking time of the egg is to be determined. 

Assumptions 1 The egg is spherical in shape with a radius of r 0 = 2.75 cm. 2 Heat conduction in the egg is 
one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the egg are constant. 
4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier number is x > 
0.2 so that the one-term approximate solutions (or the transient temperature charts) are applicable (this 
assumption will be verified). 

Properties The thermal conductivity and diffusivity of the eggs can be approximated by those of water at 
room temperature to be k= 0.607 W/m.°C, a = k / pc p = 0. 146x1 O' 6 m 2 /s (Table A-9). 


Analysis The Biot number is 

_. hr o (800 W/m 2 .°C)(0.0275 m) _ 
k (0.607 W/m.°C) 

The constants A l and A x corresponding to this 
Biot number are, from Table 4-2, 

= 3.0533 and A x =1.9925 
Then the Fourier number and the time period become 




^ 60-100 = e _(3.0533)’r > r = 0. 1633 

T i -7^ 8-100 


which is somewhat below the value of 0.2. Therefore, the one-term approximate solution (or the transient 
temperature charts) can still be used, with the understanding that the error involved will be a little more 
than 2 percent. Then the length of time for the egg to be kept in boiling water is determined to be 


t = 



a 


(0.1633)(0.0275 m) 2 
0.146xl0~ 6 m 2 /s 


846 s = 14.1 min 
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4-49 An egg is cooked in boiling water. The cooking time of the egg is to be determined for a location at 
1610-m elevation. 


Assumptions 1 The egg is spherical in shape with a radius of r G = 2.75 cm. 2 Heat conduction in the egg is 
one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the egg and heat 
transfer coefficient are constant. 4 The heat transfer coefficient is constant and uniform over the entire 
surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient 
temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and diffusivity 
of the eggs can be approximated by those of water at 
room temperature to be k = 0.607 W/m.°C, 
a = k / pc p = 0.1 46x1 O' 6 m 2 /s (Table A-9). 

Analysis The Biot number is 

hr a (800 W/m 2 .°C)(0.0275 m) 

Bi — = 

k (0.607 W/m.°C) 

The constants A l and A x corresponding to this 
Biot number are, from Table 4-2, 

A x = 3.0533 and A x =1.9925 


Water 

94.4°C 


36.2 



Then the Fourier number and the time period become 



T — = A x e~^ T > 60 - 94 A = (1 .9925)^“ (3 0533)2 r > t = 0. 1727 

T i -T„ 8-94.4 


which is somewhat below the value of 0.2. Therefore, the one-term approximate solution (or the transient 
temperature charts) can still be used, with the understanding that the error involved will be a little more 
than 2 percent. Then the length of time for the egg to be kept in boiling water is determined to be 


t = 



a 


(0.1727)(0.0275 m) 2 
(0. 146x 10~ 6 m 2 /s) 


= 895 s = 14.9 min 
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4-50 A hot dog is dropped into boiling water, and temperature measurements are taken at certain time 
intervals. The thermal diffusivity and thermal conductivity of the hot dog and the convection heat transfer 
coefficient are to be determined. 


Assumptions 1 Heat conduction in the hot dog is one-dimensional since it is long and it has thermal 
symmetry about the centerline. 2 The thermal properties of the hot dog are constant. 3 The heat transfer 
coefficient is constant and uniform over the entire surface. 4 The Fourier number is t > 0.2 so that the one- 
term approximate solutions (or the transient temperature charts) are applicable (this assumption will be 
verified). 

Properties The properties of hot dog available are given to be p = 980 kg/m 3 and c p = 3900 J/kg.°C. 
Analysis ( a ) From Fig. 4- 16b we have 


T-T„ 

To~T* 


88-94 

59-94 


0.17 





0.15 


The Fourier number is determined from Fig. 4- 16a to be 


Bi 


T 0 fpo 

Ti-T„ 



0.15 


59-94 

20-94 


0.47 


>T = 


at 

~~2 


0.20 


Water 

94°C 


Hot dog 


The thermal diffusivity of the hot dog is determined to be 


at 


= 0.20 


->a = 


0.2r; (0.2)(0.01 1 m) 


120 s 


= 2.017x10 7 m 2 /s 


( b ) The thermal conductivity of the hot dog is determined from 

k = ape p = (2.017 xlCT 7 m 2 /s)(980 kg/m 3 )(3900 J/kg.°C) = 0.771 W/m.°C 


(c) From part ( a ) we have 


— = — = 0.15. Then, 
Bi hr a 


— = 0.15 r a = (0.15)(0.01 1 m) = 0.00165 m 
h 


Therefore, the heat transfer coefficient is 


- = 0.00165 
h 


, 0.771 W/m.°C 

>h = 

0.00165 m 


= 467 W/m 2 .°C 
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4-51 Using the data and the answers given in Prob. 4-50, the center and the surface temperatures of the hot 
dog 4 min after the start of the cooking and the amount of heat transferred to the hot dog are to be 
determined. 


Assumptions 1 Heat conduction in the hot dog is one-dimensional since it is long and it has thermal 
symmetry about the center line. 2 The thermal properties of the hot dog are constant. 3 The heat transfer 
coefficient is constant and uniform over the entire surface. 4 The Fourier number is x > 0.2 so that the one- 
term approximate solutions (or the transient temperature charts) are applicable (this assumption will be 
verified). 


Properties The properties of hot dog and the convection heat transfer coefficient are given or obtained in 
P4-47 to be k = 0.771 W/m.°C, p = 980 kg/m 3 , c p = 3900 J/kg.°C, a = 2.017xl0' 7 m 2 /s, and h = 467 
W/m 2 .°C. 


Analysis The Biot number is 

c . hr a (467 W/m 2 .°C)(0.01 1 m) ^ Water 

k (0.771 W/m.°C) ' 94°C 


The constants A l and A x corresponding to this 
Biot number are, from Table 4-2, 

A x = 2.0785 and A l =1.5357 
The Fourier number is 


Hot dog 


at _ (2.017x10 7 m 2 /s)(4minx60s/min) 0 

Z" U . i UU 1 ^ U • 

L 2 (0.011m) 2 


Then the temperature at the center of the hot dog is determined to be 

e 0cy , = 7(1 ~ Ty = A x e~ x ' z = (1.5357)e _(2 ' 0785)2<0 ' 4001) =0.2727 

Tj ~Tcc 

T —94 

= 0.2727 > T = 73.8 °C 

20-94 


From Table 4-3 we read 7 0 = 0. 1789 corresponding to the constant A l =2.0785. Then the temperature at the 
surface of the hot dog becomes 


r °° = A x e~ x ' T J Q {2. x r 0 lr 0 ) = (1.5357)e" (2 0785)2(0 ' 4001) (0.1789) = 0.04878 

Tj — Tqc 

T(r 0 , 0-94 


20-94 


= 0.04878 > T(r a , t) = 90.4 °C 


The maximum possible amount of heat transfer is 

m = pV = p7ir 2 L = (980 kg/m 3 )[?r(0.0 1 1 m) 2 (0. 125 m) =0.04657kg 
G max = me p (T t -T x ) = (0.04657 kg)(3900 J/kg.°C)(94-20)°C = 13,440 J 


From Table 4-3 we read J x = 0.5701 corresponding to the constant A x =2.0785. Then the actual heat 
transfer becomes 


Q 


V 2 max j cy i 


Q 


JAy l) 

= 1-2^ ^^ = 1-2(0.2727) 
= 0.8504(13,440 kJ) = 11,430 kj 


0.5701 

2.0785 


0.8504 
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4-52E Whole chickens are to be cooled in the racks of a large refrigerator. Heat transfer coefficient that 
will enable to meet temperature constraints of the chickens while keeping the refrigeration time to a 
minimum is to be determined. 


Assumptions 1 The chicken is a homogeneous spherical object. 2 Heat conduction in the chicken is one- 
dimensional because of symmetry about the midpoint. 3 The thermal properties of the chicken are constant. 
4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier number is x > 
0.2 so that the one-term approximate solutions (or the transient temperature charts) are applicable (this 
assumption will be verified). 

Properties The properties of the chicken are given to be k = 0.26 Btu/h.ft.°F, p = 74.9 lbm/ft 3 , c p = 0.98 
Btu/lbm.°F, and a = 0.0035 ft 2 /h. 


Analysis The radius of the chicken is determined to be 


m = pV 




.I/.™. 


5 lbm 


= 0.06676 ft 


-> r„ = 3 


P 74.9 lbm/ft J 

3(7 ,13(0.06676 ft 3 ) 


- 3 


4 n 


4 n 


= 0.2517 ft 


From Fig. 4- 17b we have 


T-T „ _ 35-5 
T 0 -T„ ~ 45-5 


0.75 



Bi 


k 

hr 0 


= 2 



Then the heat transfer coefficients becomes 


h = 



0.26 Btu/.ft.°F 
2(0.2517 ft) 


= 0.516 Btu/h.ft 2 .°F 
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4-53 A person puts apples into the freezer to cool them quickly. The center and surface temperatures of the 
apples, and the amount of heat transfer from each apple in 1 h are to be determined. 

Assumptions 1 The apples are spherical in shape with a diameter of 9 cm. 2 Heat conduction in the apples 
is one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the apples are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The properties of the apples are given to be k = 0.418 W/m.°C, p = 840 kg/m , c p = 3.81 
kJ/kg.°C, and a = 1.3x1 O' 7 m 2 /s. 

Analysis The Biot number is 

(8 W/m 2 ,°C)(0.045 m) 


hr n 

Bi = — — 


Air 


(0.418 W/m.°C) 


= 0.861 


The constants and A 1 corresponding to this 
Biot number are, from Table 4-2, 

Tj = 1.476 and A 1 =1.2390 


The Fourier number is 


r _at _ (1.3xl0~ 7 m z /s)(l h x 3600 s/h) _ 0 , 31>0O 
r; (0.045 m) 2 

Then the temperature at the center of the apples becomes 

, 2 

-Ax T 



<9, 


T 0 ^oo 


0 ,sph 


T; -T 


= A x e 


oo 


( 15) = (1. 23 9) e - (1 476)2 (0 - 231) = 0.749 
20 — (—15) 


■> 77 = 11.2°C 


The temperature at the surface of the apples is 

e(r,S r ,= nr r ,) : T * =A t e-*’ sin(l .476 rad) _ 


T; ~T 


OO 


r(r o ,0-(-15) 


= 0.505 


20 -(-15) 

The maximum possible heat transfer is 


K r o/r G 
>T(r G ,t) = 2.7°C 


= 0.505 


1.476 


m = pi/ = P~ = (^40 kg/m 3 ) 


Y^( 0.045 m) 3 ' 


= 0.3206 kg 

Q m ax =mc(T i -T^) = (0.3206 kg)(3. 8 1 kJ/kg.°C)[20-(-15)]°C = 42.75 kJ 


Then the actual amount of heat transfer becomes 

Q =1 _ 3 0 ^ sinOj-Ai cos^) _ l ?19) sin(l,476rad)-(1.476)cos(1.476rad) _ Q 1QO 


Q 


o,sph 


max 


Ax 


(1.476) 


Q = 0.402<2 max = (0.402)(42.75 kJ) = 17.2 kJ 
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4-54 EES Prob. 4-53 is reconsidered. The effect of the initial temperature of the apples on the final center 
and surface temperatures and the amount of heat transfer is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_infinity=-15 [C] 

T_i=20 [C] 
h=8 [W/m A 2-C] 
r_o=0.09/2 [m] 
time=1*3600 [s] 

"PROPERTIES" 
k=0.51 3 [W/m-C] 
rho=840 [kg/m A 3] 

C_p=3.6 [kJ/kg-C] 
alpha=1 .3E-7 [m A 2/s] 

"ANALYSIS" 

Bi=(h*r_o)/k 

"From Table 4-2 corresponding to this Bi number, we read" 
lambdaj =1.3525 
A_1=1 .1978 
tau=(alpha*time)/r_o A 2 

(T_o-TJnfinity)/(T_i-TJnfinity)=A_1 *exp(-lambda_1 A 2*tau) 

(T_r-TJnfinity)/(T_i-TJnfinity)=A_1*exp(- 

lambda_1 A 2*tau)*Sin(lambda_1 *r_o/r_o)/(lambda_1 *r_o/r_o) 

V=4/3*pi*r_o A 3 

m=rho*V 

Q_max=m*C_p*(TJ-T_infinity) 

Q/Q_max=1 -3*(T_o-TJnfinity)/(T_i-TJnfinity)*(Sin(lambda_1 )- 
lambda_1 *Cos(lambda_1 ))/lambda_1 A 3 


Ti [C] 

To [C] 

T r [C] 

Q[kJ] 

2 

-1.658 

-5.369 

6.861 

4 

-0.08803 

-4.236 

7.668 

6 

1.482 

-3.103 

8.476 

8 

3.051 

-1.97 

9.283 

10 

4.621 

-0.8371 

10.09 

12 

6.191 

0.296 

10.9 

14 

7.76 

1.429 

11.7 

16 

9.33 

2.562 

12.51 

18 

10.9 

3.695 

13.32 

20 

12.47 

4.828 

14.13 

22 

14.04 

5.961 

14.93 

24 

15.61 

7.094 

15.74 

26 

17.18 

8.227 

16.55 

28 

18.75 

9.36 

17.35 

30 

20.32 

10.49 

18.16 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


-38 













4-39 


4-55 An orange is exposed to very cold ambient air. It is to be determined whether the orange will freeze in 
4 h in subfreezing temperatures. 

Assumptions 1 The orange is spherical in shape with a diameter of 8 cm. 2 Heat conduction in the orange 
is one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the orange are 
constant, and are those of water. 4 The heat transfer coefficient is constant and uniform over the entire 
surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient 
temperature charts) are applicable (this assumption will be verified). 

Properties The properties of the orange are approximated by those of water at the average temperature of 
about 5°C, k =0.571 W/m.°C and a = k / pc p = 0.571/(999.9x4205) = 0.136 xlCT 6 m 2 /s (Table A-9). 


Analysis The Biot number is 


Bi _K _ (15W/m 2 .°C)(0.04m) Q51 

k (0.571 W/m.°C) 


1.0 


The constants A x and A x corresponding to this 
Biot number are, from Table 4-2, 

Tj = 1 .5708 and A x =1.2732 
The Fourier number is 


T = 



(0.136xlQ~ 6 m 2 /s)(4 h x 3600 s/h) 
(0.04 m) 2 


= 1.224 >0.2 


Air 



Therefore, the one-term approximate solution (or the transient temperature charts) is applicable. Then the 
temperature at the surface of the oranges becomes 


0 ( r o’t) S ph = 


T(r 0 ,t)-T x 


T: -T 


= A x e 


sin (V 0 /r 0 ) 


CO 


T(r 0 ,t)-(-6) 
15 -(-6) 


= 0.0396 


h r o lr o 
*T(r 0 ,t) = - 5.2 °C 


= (1.2732)e 


-(t. 5708 ) 2 (l . 224 ) sin(l. 5708 rad) _ 


1.5708 


= 0.0396 


which is less than 0°C. Therefore, the oranges will freeze. 
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4-56 A hot baked potato is taken out of the oven and wrapped so that no heat is lost from it. The time the 
potato is baked in the oven and the final equilibrium temperature of the potato after it is wrapped are to be 
determined. 


Assumptions 1 The potato is spherical in shape with a diameter of 9 cm. 2 Heat conduction in the potato is 
one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the potato are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 


Properties The properties of the potato are given to be k = 0.6 
W/m.°C, p = 1100 kg/m 3 , c p = 3.9 kJ/kg.°C, and a = 1.4xl0" 7 
m 2 /s. 

Analysis (a) The Biot number is 

ri hr a (40 W/m 2 ,°C)(0.045 m) „ 

Bi = = = 3 

k (0.6 W/m.°C) 

The constants A x and A x corresponding to this 
Biot number are, from Table 4-2, 

A x = 2.2889 and ^ =1.6227 


Oven 

T«> = 170°C 


•VS'S'S*V%«S«%*VS'S>S'S*W>S*S*S'S'S*S 
;■ j* • .*• .*• .*■ 


.* • .*• /■ .* • .* • J* • /■ .* • .*• .*• 

• V *7 WWW; •*; > • 

V /• > • .• • .■ • .■ 


•v ■■■ *.’■ • s • % • % • s • s • s • s •*. • s •% • % • % • s •*. 

• S 1 • .*• .*• /■ .*• .*• /• .*• 


Potato 


T 0 = 70°C 



Then the Fourier number and the time period become 

70-170 


<9, 


0 ,sph 


To T^ A j2 t 


T; -T 


= A,e 


oo 


25-170 


= 0.69 = (1.6227> 


-(2.2889) 2 r 


A r = 0.163 


which is not greater than 0.2 but it is close. We may use one-term approximation knowing that the result 
may be somewhat in error. Then the baking time of the potatoes is determined to be 


t = 


rr 0 ; (0. 163)(0.045 m)' 


a 1.4xl0 -7 m 2 /s 
( b ) The maximum amount of heat transfer is 

m = pi/ = p y 7trl =(1100 kg/m 3 ) 


= 2358 s = 39.3 min 


0.045 m) 3- 


= 0.420 kg 


2 max =mc p (T a , -Tj) = (0.420 kg)(3.900kJ/kg.°C)(170-25)°C = 237 kJ 


Then the actual amount of heat transfer becomes 


Q 


Q = ^ sin(A x )-A x cos^t) 3(0 69) sin(2.2889)-(2.2889)eos(2.2889) _ Q6io 


o,sph 


max 


2, 


(2.2889) 


Q = 0.610e max = (0.610)(237 kJ) = 145 kJ 
The final equilibrium temperature of the potato after it is wrapped is 


Q = me p (T eqv -T t ) 


Af =T 

eqv i 


Q 


= 25°C 


145 kJ 


me 


p 


(0.420 kg)(3.9kJ/kg.°C) 


= 114°C 
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4-57 The center temperature of potatoes is to be lowered to 6°C during cooling. The cooling time and if 
any part of the potatoes will suffer chilling injury during this cooling process are to be determined. 

Assumptions 1 The potatoes are spherical in shape with a radius of r 0 = 3 cm. 2 Heat conduction in the 
potato is one-dimensional in the radial direction because of the symmetry about the midpoint. 3 The 
thermal properties of the potato are constant. 4 The heat transfer coefficient is constant and uniform over 
the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of potatoes are given to be k = 0.50 W/m°C 
and a = 0.1 3x1 O' 6 m 2 /s. 


Analysis First we find the Biot number: 


Air 


hr,, 
Bi = — — 


(19 W/m 2 .°C)(0.03 m) 
0.5 W/m.°C 


= 1.14 


From Table 4-2 we read, for a sphere, A, = 1.635 
and A \ = 1.302. Substituting these values into the 
one-term solution gives 

= v^ 6-2 


0c\ = 


T 0 T x 


-» 


= \ 302e 


-( 1 . 635) 2 t 



T; —T 


oo 


25-2 


which is greater than 0.2 and thus the one-term solution is applicable. Then the cooling time becomes 


at 


T = 


A t — 


rr 0 2 (0.753)(0.03 m) 


a 0.13xl0’ 6 m 2 / s 


= 5213s = 1.45h 


The lowest temperature during cooling will occur on the surface (r !r 0 = 1), and is determined to be 
T{r)-T x _ Ac -$t sin {A. x r / r a ) ^ T(r 0 )-T x _ Q si n(/L,r 0 / r a ) _ T„ -T x srnjA^ / r a ) 

Tj -T x 1 r/r a T, - T x ° / r a T, -T x A x r a / r a 


Substituting, 


T(r a )-2 ( 6-2 sin(1.635 rad) 


25-2 


25-2 


1.635 


■> T(r 0 ) = 4.44°C 


which is above the temperature range of 3 to 4 °C for chilling injury for potatoes. Therefore, no part of 
the potatoes will experience chilling injury during this cooling process. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 
k 0.50W/m.° C 


1 

Bi 


hr. 


(19W/m 2 .°C)(0.03m) 
6-2 = 0.174 


= 0.877 


T 0 -T x 


T: ~T 


00 


25-2 

2 


at 




= 0.75 (Fig. 4 -17a) 


Therefore, 


t = 


rr 2 _ (0.75)(0.03) 2 

a 0.13xl0~ 6 m 2 / s 


= 5192 s = 1.44 h 


The surface temperature is determined from 

J_ __k_ 

Bi hr„ I r(r)-T 00 


= 1 


T -T 

M o - 1 CO 


= 0.6 (Fig. 4 -17b) 


which gives T surface =T X + 0.6(7; -TJ = 2 + 0.6(6 - 2) = 4.4°C 

The slight difference between the two results is due to the reading error of the charts. 
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4-58E The center temperature of oranges is to be lowered to 40°F during cooling. The cooling time and if 
any part of the oranges will freeze during this cooling process are to be determined. 

Assumptions 1 The oranges are spherical in shape with a radius of r G =1.25 in = 0. 1042 ft. 2 Heat 
conduction in the orange is one-dimensional in the radial direction because of the symmetry about the 
midpoint. 3 The thermal properties of the orange are constant. 4 The heat transfer coefficient is constant 
and uniform over the entire surface. 5 The Fourier number is t > 0.2 so that the one-term approximate 
solutions (or the transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of oranges are given to be k = 0.26 Btu/hft°F 
and a = 1.4x1 O' 6 ft 2 /s. 


Analysis First we find the Biot number: 

R . _ hr Q _ (4.6 Btu/h.ft 2 .°F)(1.25/12 ft) 
1_ k 0.26 Btu/h.ft.°C 


1.843 


From Table 4-2 we read, for a sphere, X\ = 1.9569 and A \ = 
1.447. Substituting these values into the one-term solution gives 


Tq-T„ 

Ti-T" 


= A, 


-fir 


_ 40-25 
78-25 


1.447^ (L9569)2r 


-> r = 0.426 



which is greater than 0.2 and thus the one-term solution is applicable. 
Then the cooling time becomes 


T = 


at 

~ 


— ^ t — 


vr; _ (0.426)(1 .25 /12 ft)' 
a 1.4x1 O' 6 ft 2 /s 


= 3302 s = 55.0 min 


The lowest temperature during cooling will occur on the surface (r !r 0 = 

T(r)~T x -Aj V sin(V/0 ^ T(r 0 )-T x sin(A x r 0 / r a ) 

= A, e 1 > = t/n = 

Ti~T x r/r 0 T t -T m A x r a / r„ 


1), and is determined to be 
Tq-T x sin {A x r 0 !r 0 ) 
T t -T x A x rjr 0 


Substituting, 


T(r 0 )~ 25 
78-25 


^ 40 - 25 sin(l .9569 rad) 
v 78-25 J 1.9569 


» T(r 0 ) = 32. 1°F 


which is above the freezing temperature of 3 1°C for oranges. Therefore, no part of the oranges will freeze 
during this cooling process. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 


1 _ k 
Bi hr G 

Tp -Tco 

T i -f co 


0.26Btu/h.ft.°F 


(4.6 Btu/h.ft. F)(l .25/12 ft) 
40-25 


78-25 


= 0.283 


0.543 


r T = 



0.43 


(Fig. 4 -17a) 


Therefore, 


t = 


rr. 


a 


(0.43)(1.25/12ft) 2 

1.4xl0 _6 ft 2 /s 


= 3333 s = 55.6 min 


The lowest temperature during cooling will occur on the surface (r/r 0 =1) of the oranges is determined to 
be 


1 _ k 
Bi hr a 


0.543 

- 


T{r)-T„ 
To ~T ao 


0.45 


(Fig. 4 -17b) 


which gives T surface = + 0.45(T 0 - TJ = 25 + 0.45(40 - 25) = 3 1 .8°F 

The slight difference between the two results is due to the reading error of the charts. 
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4-59 The center temperature of a beef carcass is to be lowered to 4°C during cooling. The cooling time 
and if any part of the carcass will suffer freezing injury during this cooling process are to be determined. 

Assumptions 1 The beef carcass can be approximated as a cylinder with insulated top and base surfaces 
having a radius of r a =12 cm and a height of H = 1.4 m. 2 Heat conduction in the carcass is one- 
dimensional in the radial direction because of the symmetry about the centerline. 3 The thermal properties 
of the carcass are constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 
5 The Fourier number is t > 0.2 so that the one-term approximate solutions (or the transient temperature 
charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of carcass are given to be k = 0.47 W/m°C 
and a = 0.1 3x1 O' 6 m 2 /s. 


Analysis First we find the Biot number: 


hr n 

Bi = — — 


(22 W/m\ o C)(0.12m) 


= 5.62 


k 0.47 W/m.°C 

From Table 4-2 we read, for a cylinder, \\ = 2.027 and Aj = 1.517. 
Substituting these values into the one-term solution gives 

4 -(-10) 


a T 0 a 

U {) = = A, e 


T: -T 


T 


-X\t 


-» 


00 


37 — (—10) 


= \.5\le 


-( 2 . 027 ) t 


— ^ r = 0.396 


which is greater than 0.2 and thus the one-term solution is applicable. 
Then the cooling time becomes 


T = 


at 


— ^ t — 


tt~ (0.396)(0.12 m) 2 

a 0.13xl0' 6 m 2 /s 


= 43,865 s = 12.2 h 



The lowest temperature during cooling will occur on the surface (r lr G = 1), and is determined to be 

T(r)~T 0 0 A -a?t T ,, , , ^T(r„)-T x T 0 -T x 

— — z~ = A \e h( x i rlr o)^— — - — = <VoHi rlr o) = ~ — — ■M' 1 ! r o lr o) 


T. -T 


oo 


T; ~T 


oo 


T. -T 


oo 


Substituting, 


T(r 0 )~ (-10) 
37 — (—10) 


4 -(- 10 ) 
v 37 — (—10) 


J o)^) = 0.2979x0.2084 = 0.0621 


> T(r 0 ) = -7.1°C 


which is below the freezing temperature of -1.7 °C. Therefore, the outer part of the beef carcass will freeze 
during this cooling process. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 


1 _ k 
Bi hr g 

Tp-T^ 

Ti-T* 


0.47W/m.°C 


(22 W/m 2 .°C)(0.12 m) 
4- (-10) 


37 -(-10) 


= 0.298 


0.178 


at 


> T = 


= 0.4 


(Fig. 4 -16a) 


Therefore, 



a 


(0.4)(0,12 m) 2 
0.13xl0 _6 m 2 /s 


= 44,308s = 12.3h 


The surface temperature is determined from 


— = A— - 0.178 
Bi hr„ 


= 1 


T(r)-T x 

T 0 ~T X 


= 0.17 (Fig. 4 -16b) 


which gives T surface =T x +0.n(T 0 -7’ oo ) = -10 + 0.17[4-(-10)] = -7.6°C 
The difference between the two results is due to the reading error of the charts. 
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4-60 The center temperature of meat slabs is to be lowered to -18°C during cooling. The cooling time and 
the surface temperature of the slabs at the end of the cooling process are to be determined. 

Assumptions 1 The meat slabs can be approximated as very large plane walls of half-thickness L= 11.5 
cm. 2 Heat conduction in the meat slabs is one-dimensional because of the symmetry about the centerplane. 
3 The thermal properties of the meat slabs are constant. 4 The heat transfer coefficient is constant and 
uniform over the entire surface. 5 The Fourier number is t > 0.2 so that the one-term approximate 
solutions (or the transient temperature charts) are applicable (this assumption will be verified). 6 The phase 
change effects are not considered, and thus the actual cooling time will be much longer than the value 
determined. 

Properties The thermal conductivity and thermal diffusivity of 
meat slabs are given to be k = 0.47 W/m°C and a = 0.1 3x1 O' 6 
m / s. These properties will be used for both fresh and frozen meat. 

Analysis First we find the Biot number: 


Bi = ^ 


(20 W/m 2 .°C)(0.1 15 m) 


= 4.89 


k 0.47 W/m.°C 

From Table 4-2 we read, for a plane wall, = 1.308 
and Aj=1.239. Substituting these values into the one- 
term solution gives 

-18 -(-30) 


Air 

-30°C 

1.4 m/s 

► 


Meat 

7°C 


0 O = T ° =Ae~^ T 


T ; - T 


L i‘ 




= 1.239e 


-( 1 . 308) 2 t 


oo 


7 - (-30) 

which is greater than 0.2 and thus the one-term solution is applicable. 
Then the cooling time becomes 

2 (0.783)(0.1 15 m) 2 


-> z = 0.783 


Z = 


at 

U 


— ^ t — 


zL 


a 


0.13xl0' 6 m 2 /s 


= 79,650 s = 22.1 h 


The lowest temperature during cooling will occur on the surface (. x/L = 1), and is determined to be 


T(x) T rX) _ a, t cos ^ i x/ L)—> - — — = 0 0 cos(A { L/L) 


T -T 

o - 1 00 


T -T 

J l -*00 

Substituting, 

r(L)- (-30) 
7 -(-30) 


T; -T 


oo 


T; -T 


COS^j ) 


oo 


'-18-(-30p 
7 -(-30) 


cos(A, ) = 0.3243 x 0.2598 = 0.08425 


■» T(L) = -26.9°C 


which is close the temperature of the refrigerated air. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 
1 k 0.47W/m.°C 

Bi 


hL 


T -T 

M O * oo 


(20 W/m 2 .°C)(0.1 15 m) 
-18 -(-30) 


= 0.204 


T; -T 


CO 


7 -(-30) 


= 0.324 


at 

> t = — = 0.75 
L 2 


(Fig. 4 -15a) 


Therefore, t = 


zr 2 (0.75)(0.1 15 m) 


a 


0.13xl0 _6 m 2 /s 


= 76,300s = 21.2 h 


The surface temperature is determined from 
J__ k_ 

Bi hL 


= 0.204 


*=i 

L 


T{x)-T x 

T 0 -T x 


= 0.22 (Fig. 4 -15b) 


which gives T sur f ace =T X +0.22(T o -7’ oo ) = -30 + 0.22[-18-(-30)] = -27.4°C 
The slight difference between the two results is due to the reading error of the charts. 
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4-61E The center temperature of meat slabs is to be lowered to 36°F during 12-h of cooling. The average 
heat transfer coefficient during this cooling process is to be determined. 

Assumptions 1 The meat slabs can be approximated as very large plane walls of half-thickness L = 3 -in. 2 
Heat conduction in the meat slabs is one-dimensional because of symmetry about the centerplane. 3 The 
thermal properties of the meat slabs are constant. 4 The heat transfer coefficient is constant and uniform 
over the entire surface. 5 The Fourier number is t > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity 

of meat slabs are given to be k = 0.26 Btu/hft°F and Air 

a=1.4xl0" 6 ft 2 /s. 23 °F 


Analysis The average heat transfer coefficient during this 
cooling process is determined from the transient 
temperature charts for a flat plate as follows: 


_ at _ (1.4 xlO -6 ft 2 /s)(12x3600 s) 
T ~ L 2 ~ (3/12 ft) 2 


^00 

Ti-T„ 


36-23 

50-23 


0.481 


0.968 




/ 

7 

-► 

Meat 


-► 

50°F 

/ 




(Fig. 4 - 15a) 


Therefore, 

, IcBi 

h = 

L 


(0.26Btu/h.ft.°F)(l/0.7) 
(3/12) ft 


= 1.5 Btu/h.ft 2 .°F 


Discussion We could avoid the uncertainty associated with the reading of the charts and obtain a more 
accurate result by using the one-term solution relation for an infinite plane wall, but it would require a trial 
and error approach since the Bi number is not known. 
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4-62 Chickens are to be chilled by holding them in agitated brine for 2.75 h. The center and surface 
temperatures of the chickens are to be determined, and if any part of the chickens will freeze during this 
cooling process is to be assessed. 

Assumptions 1 The chickens are spherical in shape. 2 Heat conduction in the chickens is one-dimensional 
in the radial direction because of symmetry about the midpoint. 3 The thermal properties of the chickens 
are constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 6 The phase change effects are not considered, and thus the 
actual the temperatures will be much higher than the values determined since a considerable part of the 
cooling process will occur during phase change (freezing of chicken). 

Properties The thermal conductivity, thermal diffusivity, and density of chickens are given to be k = 0.45 

6 2 3 

W/m°C, a = 0. 13x10' m /s, and p = 950 kg/ m . These properties will be used for both fresh and frozen 
chicken. 


Analysis We first find the volume and equivalent radius of the chickens: 
V = m / p = 1700g/(0.95g/cm 3 ) = 1789cm 3 

r 3 


1/3 


r o = 


4 n 


V 


\ 1/3 


4 n 


1789 cm 3 


= 7.53 cm = 0.0753 m 


Then the Biot and Fourier numbers become 
hr a (440 W/m 2 .°C)(0.0753 m) 


Bi = 


0.45 W/m.°C 


= 73.6 


t _M__ (0. 13 xl0~ 6 m 2 /s)(2.75x 3600 s) _ Q 
r„ 2 (0.0753 m) 2 



Note that r = 0.2270 > 0.2 , and thus the one-term solution is applicable. From Table 4-2 we read, for a 
sphere, X\ = 3.094 and Aj = 1.998. Substituting these values into the one-term solution gives 


T 0 T rX) 

Ti~T^ 


= A, 


,2 

—A, T 


Tq ~(~ 7 ) 
15 -(-7) 


1.998e~ (3 ' 094)2<0 ' 2270) 


0.2274 >T 0 =-2.0°C 


The lowest temperature during cooling will occur on the surface ( rlr 0 = 
T{r)-T x _% T sin(V/r 0 ) ^T(r 0 )-T x sin (^r Q I r Q ) 

Ti-T~ V/r 0 T t -T x \r 0 tr 0 


1), and is determined to be 
T n -T m sin(y o tr a ) 
T i~ T oo A r „/r 0 


Substituting, 


T(r 0 )-(-l) 
15 -(-7) 


_ sin(3.094rad) 

0.2274 — 

3.094 


-> T(r 0 ) = - 6-9°C 


Most parts of chicken will freeze during this process since the freezing point of chicken is -2.8°C. 

Discussion We could also solve this problem using transient temperature charts, but the data in this case 
falls at a point on the chart which is very difficult to read: 


T = 

1 

Bi 


at (0. 13 x 10" 6 m 2 /s)(2.75 x 3600 s) 


(0.0753 m) 2 
0.45 W/m.°C 


= 0.227 


hr G (440 W/m 2 . 0 C)(0.0753m) 


= 0.0136 


T -T 

-2 — = 0.15. ...0.30 ?? 

T. -T 


(Fig. 4 -17) 


co 
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Transient Heat Conduction in Semi-Infinite Solids 

4-63C A semi-infinite medium is an idealized body which has a single exposed plane surface and extends 
to infinity in all directions. The earth and thick walls can be considered to be semi-infinite media. 


4-64C A thick plane wall can be treated as a semi-infinite medium if all we are interested in is the variation 
of temperature in a region near one of the surfaces for a time period during which the temperature in the 
mid section of the wall does not experience any change. 


4-65C The total amount of heat transfer from a semi-infinite solid up to a specified time to can be 
determined by integration from 

Q=\ l ° Ah[T(0,t)-T„]dt 

Jo 

where the surface temperature T( 0, t) is obtained from Eq. 4-47 by substituting x = 0. 


4-66 The water pipes are buried in the ground to prevent freezing. The minimum burial depth at a 
particular location is to be determined. 

Assumptions 1 The temperature in the soil is affected by the thermal conditions at one surface only, and 
thus the soil can be considered to be a semi-infinite medium with a specified surface temperature. 2 The 
thermal properties of the soil are constant. 

Properties The thermal properties of the soil are given to be k = 0.35 W/m.°C and a = 0.15x10’ m /s. 
Analysis The length of time the snow pack stays on the ground is 


t = (60 days)(24hr/days)(3600 s/hr) = 5.184xl0 6 s 


The surface is kept at -8°C at all times. The depth at 
which freezing at 0°C occurs can be determined from 
the analytical solution, 


T(x, t)-Tj 
T, -T; 


0-8 

- 8-8 


= erfc 


= erfc 


( \ 

X 


X 


2^/(0.15xl0~ 6 m 2 /s)(5.184xl0 6 s) 


0.5 = erfc\ 


x 


1.7636 


r s =-8°c 


Soil 

T { = 8°C 


Water pipe 


Then from Table 4-4 we get = 0.4796 > x = 0.846 m 

1.7636 

Discussion The solution could also be determined using the chart, but it would be subject to reading error. 
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4-67 An area is subjected to cold air for a 10-h period. The soil temperatures at distances 0, 10, 20, and 50 
cm from the earth’s surface are to be determined. 

Assumptions 1 The temperature in the soil is affected by the thermal conditions at one surface only, and 
thus the soil can be considered to be a semi-infinite medium with a specified surface temperature. 2 The 
thermal properties of the soil are constant. 

Properties The thermal properties of the soil are given to be k = 0.9 W/m.°C and a = 1.6x10" m /s. 
Analysis The one-dimensional transient temperature distribution in the ground can be determined from 


T(x, t)-T t 

T^-Ti 


where 


= erfc 


X 




lyfat 


exp 


f , ,2 A 

hx h at 


erfc 


X 


hyfat 


2yfat 


Winds 

r m =-io°c 


hjcct (40 W/m 2 .°CW(1.6xlO' 5 m 2 /s)(10x 3600s) 


k 

h 2 at 


0.9 W/m.°C 


= 33.7 


Soil 

7i=10°C 


2 f 


hyfat 


= 33.1 z =1138 


Then we conclude that the last term in the temperature distribution relation above must be zero regardless 
of x despite the exponential term tending to infinity since (1) erfc(rj) —> 0 for 77 > 4 (see Table 4-4) and 

(2) the term has to remain less than 1 to have physically meaningful solutions. That is, 


exp 


r hx h 2 at ^ 


erfc 


x 


hyfat 


2 yfat 


A 


( hx 'j 

/ 


= exp 

+ 1138 

erfc 



V k y 

V 


X 


Y 


2 yfat 


33.7 


= 0 


Therefore, the temperature distribution relation simplifies to 


nx 9 t)-Tj 

T^~T l 


- erfc 


x 


2 yfat 


-+nx 9 t) = T i +{T„-T i )erfc 


r \ 

x 

2 yfat 


Then the temperatures at 0, 10, 20, and 50 cm depth from the ground surface become 


x = 0: T (0,1 0 h) = 7; + (7^ - T { )erfc 


r 0 A 

v 2 yfat j 

r 


x = 0.1m: 


7(0. 1 m,l 0 h) = 1 0 + (- 1 0 - 1 0 )erfc 


= T t + (^ - T i )erfc( 0) = T t + (T^ -T i )xl = T ao = -10°C 


0.1m 


27(1.6 xlO^ 5 m 2 /s)(10 h x 3600 s/h) 
= 10 - 20er/c(0.066) = 10 - 20 x 0.9257 = -8.5°C 


x = 0.2 m: 


T(0.2 m,10 h) = 10 + (-10 - 10 )erfc 


0.2 m 


27(1.6 x 10 _5 m 2 /s)(10hx 3600 s/h) 
= 10-20er/c(0.132)=10-20x0.8519 = -7.0°C 


x = 0.5 m: 


7(0. 5 m,l 0 h) = 1 0 + (- 1 0 - 1 0 )erfc 


0.5 m 


27(1.6 xlO^ 5 m 2 /s)(10hx 3600 s/h) 
= 10 - 20er/c(0.329) = 10 - 20 x 0.64 1 8 = -2.8°C 
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4-68 EES Prob. 4-67 is reconsidered. The soil temperature as a function of the distance from the earth’s 
surface is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_i=1 0 [C] 

T_infinity=-10 [C] 
h=40 [W/m A 2-C] 
time=1 0*3600 [s] 
x=0.1 [m] 

"PROPERTIES" 
k=0.9 [W/m-C] 
alphas 1 .6E-5 [m A 2/s] 

"ANALYSIS" 

(T_x-TJ)/(T_infinity-TJ)=erfc(x/(2*sqrt(alpha*time)))- 

exp((h*x)/k+(h A 2*alpha*time)/k A 2)*erfc(x/(2*sqrt(alpha*time))+(h*sqrt(alpha*time)/k)) 


X [m] 

T x [C] 

0 

-9.666 

0.05 

-8.923 

0.1 

-8.183 

0.15 

-7.447 

0.2 

-6.716 

0.25 

-5.993 

0.3 

-5.277 

0.35 

-4.572 

0.4 

-3.878 

0.45 

-3.197 

0.5 

-2.529 

0.55 

-1.877 

0.6 

-1.24 

0.65 

-0.6207 

0.7 

-0.01894 

0.75 

0.5643 

0.8 

1.128 

0.85 

1.672 

0.9 

2.196 

0.95 

2.7 

1 

3.183 



PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


4-50 


4-69 An aluminum block is subjected to heat flux. The surface temperature of the block is to be 
determined. 

Assumptions 1 All heat flux is absorbed by the block. 2 Heat loss from the block is disregarded (and thus 
the result obtained is the maximum temperature). 3 The block is sufficiently thick to be treated as a semi- 
infinite solid, and the properties of the block are constant. 

Properties Thermal conductivity and diffusivity of aluminum at room temperature are k = 237 kg/m 3 and a 
= 97.1x 10' 6 m 2 /s. 


Analysis This is a transient conduction problem in a semi-infinite medium subjected to constant surface 
heat flux, and the surface temperature can be determined to be 


T ^ , q s [4 at _ , 4000 W/m 2 4(9.71xl(T 5 m 2 /s)(30x60s) 

1 c — 1 ; + - — ZU G + -t 

k v n 237 W/m°C V n 


28.0°C 


Then the temperature rise of the surface becomes 
A T s = 28-20 = 8.0°C 


4-70 The contact surface temperatures when a bare footed person steps on aluminum and wood blocks are 
to be determined. 

Assumptions 1 Both bodies can be treated as the semi-infinite solids. 2 Heat loss from the solids is 
disregarded. 3 The properties of the solids are constant. 

Properties The yjkpc p value is 24 kJ/m 2 -°C for aluminum, 0.38 kJ/m 2 -°C for wood, and 1.1 kJ/m 2 -°C for 
the human flesh. 


Analysis The surface temperature is determined from Eq. 4-49 to be 

^ ^ (kpCp ) human ^human ^(kpcp) ai t a\ (l.lkJ/m 2 • °C)(32°C) + (24 kJ/m 2 •°C)(20°C) 

' “ ppc p ) hum an +ppc p ) A, “ (1. 1 kJ/m 2 •' °C) + (24 kJ/m 2 •' °C) 


20.5°C 


In the case of wood block, we obtain 

■ftjipcp) 


T = 

* s 


T 

1 human 1 human 


yj(kpc p ) 


T 

wood x wood 


J(kpc p ) human +J(kpc p ) 


wood 


_ (l.lkJ/m 2 • °C)(32°C) + (0.38 kJ/m 2 •°C)(20°C) 


(l.lkJ/m 2 •°C) + (0.38kJ/m 2 -°C) 


= 28.9°C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



4-51 


4-71E The walls of a furnace made of concrete are exposed to hot gases at the inner surfaces. The time it 
will take for the temperature of the outer surface of the furnace to change is to be determined. 
Assumptions 1 The temperature in the wall is affected by the thermal conditions at inner surfaces only and 
the convection heat transfer coefficient inside is given to be very large. Therefore, the wall can be 
considered to be a semi-infinite medium with a specified surface temperature of 1800°F. 2 The thermal 
properties of the concrete wall are constant. 

Properties The thermal properties of the concrete are given to be 
k = 0.64 Btu/h.ft.°F and a = 0.023 ft 2 /h. 

Analysis The one-dimensional transient temperature distribution | I L =1.2 ft 

in the wall for that time period can be determined from 


Wall 


T(x,t)-Ti 


T -T 

S l 


- er f c 


X 


2yfat 


1800°F 


But, 

nx^-Tj 

T s -Ti 

Therefore, 

x 


lyfat 


70.1-70 

1800-70 


= 2.85 


= 0.00006 -> 0.00006 = erfc(2.85) (Table 4-4) 


Q 


70°F 


A t — 


x 


(1.2 ft) 


4x( 2.85) 2 « 4 x (2. 85) 2 (0.023 ft 2 /h ) 


= 1.93 h = 116 min 


4-72 A thick wood slab is exposed to hot gases for a period of 5 minutes. It is to be determined whether the 
wood will ignite. 

Assumptions 1 The wood slab is treated as a semi-infinite medium subjected to convection at the exposed 
surface. 2 The thermal properties of the wood slab are constant. 3 The heat transfer coefficient is constant 
and uniform over the entire surface. 

Properties The thermal properties of the wood are k = 0.17 W/m.°C and a = 1.28x10’ m /s. 

Analysis The one-dimensional transient temperature distribution in the wood can be determined from 


nx,t)-Tj 

T. -T: 


- erfc 


X 




2 yfat 


exp 


r hx h 2 at ^ 


erfc 


x 


hyfat 


Y 


2 yfat 


where 


hy[at (35 W/m 2 .°CW(1.28xlO' 7 m 2 /s)(5x60s) 


h 2 at 


hyfcct 


\2 


0.17 W/m.°C 


= 1.276 2 = 1.628 


= 1.276 


Hot 

gases 

7T = 550°C 


Wood 

slab 

T { = 25°C 


Noting that x = 0 at the surface and using 
Table 4-4 for erfc values, 

T(x,t)~ 25 


L= 0.3 m 


550-25 


= erfc( 0) - exp(0 + 1 .628>r/c(0 + 1 .276) 
= 1 -(5.0937X0.0712) 


= 0.637 

Solving for T(x, t) gives 
r(x,0 = 360°C 



x 


which is less than the ignition temperature of 450°C. Therefore, the wood will not ignite. 
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4-73 The outer surfaces of a large cast iron container filled with ice are exposed to hot water. The time 
before the ice starts melting and the rate of heat transfer to the ice are to be determined. 

Assumptions 1 The temperature in the container walls is affected by the thermal conditions at outer 
surfaces only and the convection heat transfer coefficient outside is given to be very large. Therefore, the 
wall can be considered to be a semi-infinite medium with a specified surface temperature. 2 The thermal 
properties of the wall are constant. 

Properties The thermal properties of the cast iron are given to be k = 52 W/m.°C and a = 1.70x10"' m /s. 

Analysis The one-dimensional transient temperature distribution in the wall for that time period can be 
determined from 


T(x, Q-7) 
T s -T t 


= erfc 


r \ 
x 

\1 yfat J 


But, 

T(x 9 t)-Tj _ 0.1-0 
Ts-Ti ~ 60-0 


Hot water 
60°C 


Ice chest 


= 0.00167 — » 0.00167 = erfc{2226) (Table 4-4) 


Therefore, 

x 


Ice, 0°C 


2y[at 


= 2.226 >t = 


x 


(0.05 m) 


4 x (2.226) 2 a 4(2.226) 2 (1 .7 xl0~ 5 m 2 /s) 


= 7.4 s 


The rate of heat transfer to the ice when 
steady operation conditions are reached 
can be determined by applying the 
thermal resistance network concept as 


Rr 


R 


wall 


R 


conv .o 


R 


1 


1 


conv,i 


h t A (250 W/m 2 .°C)(1.2x2 m 2 ) 


= 0.00167°C/W 


R = A _ 

^ wall 


0.05 m 


= 0.00040°C/W 


R 


kA (52 W/m.°C)(1.2x2m 2 ) 
1 1 


conv,o 


h n A (oo)(1.2x2 m 2 ) 


= o°c/w 


R,o, al = Rcon V ,i +Ka„ +R conv ,o = 0.00167 + 0.00040 + 0 = 0.00207°C/W 


Q = 


T 2 -T\ 


(60 - 0)°C 

R total 0.00207 °C/W 


= 28,990 W 
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Transient Heat Conduction in Multidimensional Systems 

4-74C The product solution enables us to determine the dimensionless temperature of two- or three- 
dimensional heat transfer problems as the product of dimensionless temperatures of one-dimensional heat 
transfer problems. The dimensionless temperature for a two-dimensional problem is determined by 
determining the dimensionless temperatures in both directions, and taking their product. 


4-75C The dimensionless temperature for a three-dimensional heat transfer is determined by determining 
the dimensionless temperatures of one-dimensional geometries whose intersection is the three dimensional 
geometry, and taking their product. 


4-76C This short cylinder is physically formed by the intersection of a long cylinder and a plane wall. The 
dimensionless temperatures at the center of plane wall and at the center of the cylinder are determined first. 
Their product yields the dimensionless temperature at the center of the short cylinder. 

4-77C The heat transfer in this short cylinder is one-dimensional since there is no heat transfer in the axial 
direction. The temperature will vary in the radial direction only. 
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4-78 A short cylinder is allowed to cool in atmospheric air. The temperatures at the centers of the cylinder 
and the top surface as well as the total heat transfer from the cylinder for 15 min of cooling are to be 
determined. 


Assumptions 1 Heat conduction in the short cylinder is two-dimensional, and thus the temperature varies in 
both the axial x- and the radial r- directions. 2 The thermal properties of the cylinder are constant. 3 The 
heat transfer coefficient is constant and uniform over the entire surface. 4 The Fourier number is t > 0.2 so 
that the one-term approximate solutions (or the transient temperature charts) are applicable (this 
assumption will be verified). 

Properties The thermal properties of brass are given to be p- 8530 kg/nr , c p - 0.389 kJ/kg • °C , 
k = 110 W/m • °C , and a - 3.39 xlO -5 m 2 /s . 


Analysis This short cylinder can physically be formed by the intersection of a long cylinder of radius DU = 
4 cm and a plane wall of thickness 2L = 15 cm. We measure v from the midplane. 


(a) The Biot number is calculated for the plane wall to be 

Bi = — = (40 W/m 2 .°C)(0.075 m) _ Q Q2727 
k (1 10 W/m.°C) 

The constants A x and A x corresponding to this Air 

Biot number are, from Table 4-2, = 20° 

A x =0.1 620 and A x =1.0045 
The Fourier number is 

at (3.39 x 10 -5 m 2 /s)(15 minx 60 s/min) .... 
r = — = = 5.424 > 0.2 



V 


(0.075 m) 


Therefore, the one- term approximate solution (or the transient temperature charts) is applicable. Then the 
dimensionless temperature at the center of the plane wall is determined from 

\ wa „ = = V~ Vr = 0 .004 5 ) e - (()l 620)2 (5 - 424) = 0.871 

* i * oo 

We repeat the same calculations for the long cylinder, 

K, (40W/m^)(0.04m) 
k (110 W/m.°C) 

/Ij =0.1677 and A x = 1.0036 


T = 



(3.39 xlO- 5 m 2 /s)(15 x 60 s) =19069>02 
(0.04 m) 2 


0 ocyl = T ° Tj = A l e~^ r =(1.0036)e" (0 • 1677)2(19 • 069, =0.587 
— Tqc 

Then the center temperature of the short cylinder becomes 

= 0 o ,„ all *0 o , cyl = 0.87 lx 0.587 = 0.5 11 

short 
cylinder 

0.5 1 1 > T (0,0, t) = 86.4°C 

( b ) The center of the top surface of the cylinder is still at the center of the long cylinder (r = 0), but at the 
outer surface of the plane wall (x = L). Therefore, we first need to determine the dimensionless temperature 
at the surface of the wall. 


mo, p- 7 ^ 
T t -T„ 

m 0,0-20 

150-20 
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0(L,t) wall Tco = A y e~ x ' T cosa i L/L) = (1.0045)e _(0 1620)2(5 ' 424) cos(0. 1620) = 0.860 

— Ty 

Then the center temperature of the top surface of the cylinder becomes 


= 9(L, t) wall x 0 o cy i = 0.860 x 0.587 = 0.505 

short 
cylinder 

T(L,0,t)-20 = Q 5Q5 > T(L () f) = 85 6 o C 

150-20 

(c) We first need to determine the maximum heat can be transferred from the cylinder 

m = pV = - (8530 kg/m 3 )[^(0.04m) 2 ’ (0.15 m) = 6.43 kg 

2 max =mc p (T i -T^) = (6.43 kg)(0.389kJ/kg.°C)(150-20)°C = 325 kJ 

Then we determine the dimensionless heat transfer ratios for both geometries as 





1- (0.871) 


sin(0.1620) 

0T620 


0.133 


= 1 - 20 , 


= 1-2(0.587) ?^ = 0.41 5 
X, 0.1677 


The heat transfer ratio for the short cylinder is 


(21 ( 2 | ( 2 | [21 

— = — — + — 1 — = 0. 133 + (0.415)(1- 0.133) = 0.493 

x Q max Jahort l^Gmax ) plane ^2 max J lo "S , V^rnax ) P la " e 

cylinder wall cylinder wall 

Then the total heat transfer from the short cylinder during the first 15 minutes of cooling becomes 
2 = 0.4932 max = (0.493)(325 kJ) = 1 60 kJ 
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4-79 EES Prob. 4-78 is reconsidered. The effect of the cooling time on the center temperature of the 
cylinder, the center temperature of the top surface of the cylinder, and the total heat transfer is to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.08 [m] 
r_o=D/2 
height=0.15 [m] 

L=height/2 
T_i=1 50 [C] 

T_infinity=20 [C] 
h=40 [W/m A 2-C] 
time=15 [min] 

"PROPERTIES" 
k=1 1 0 [W/m-C] 
rho=8530 [kg/m A 3] 

C_p=0.389 [kJ/kg-C] 
alpha=3.39E-5 [m A 2/s] 

"ANALYSIS" 

"(a)" 

"This short cylinder can physically be formed by the intersection of a long cylinder of radius r_o 
and a plane wall of thickness 2L" 

"For plane wall" 

Bi_w=(h*L)/k 

"From Table 4-2 corresponding to this Bi number, we read" 
lambda_1_w=0.1620 "w stands for wall" 

A_1_w= 1.0045 

tau_w=(alpha*time*Convert(min, s))/L A 2 

theta_o_w=A_1_w*exp(-lambda_1_w A 2*tau_w) "theta_o_w=(T o__w-T_infinity)/(T i-T infinity)" 

"For long cylinder" 

Bi_c=(h*r_o)/k "c stands for cylinder" 

"From Table 4-2 corresponding to this Bi number, we read" 
lambda_1 _c=0. 1 677 
A_1_c= 1.0036 

tau_c=(alpha*time*Convert(min, s))/r_o A 2 

theta_o_c=A_1_c*exp(-lambda_1_c A 2*tau_c) "theta_o_c=(T_o_c-T_infinity)/(T_i-TJnfinity)" 
(T_o_o-TJnfinity)/(TJ-T_infinity)=theta_o_w*theta_o_c "center temperature of short cylinder" 
"(b)" 

theta_L_w=A_1_w*exp(-lambda_1_w A 2*tau_w)*Cos(lambda_1_w*L/L) "theta_L_w=(T_L_w- 
T_infinity)/(T i-T infinity)" 

(T_L_o-TJnfinity)/(TJ-T_infinity)=theta_L_w*theta_o_c "center temperature of the top surface" 
"(c)" 

V=pi*r_o A 2*(2*L) 

m=rho*V 

Q_max=m*C_p*(TJ-T_infinity) 

Q_w=1-theta_o_w*Sin(lambda_1_w)/lambda_1_w Q w=(Q/Q_max)_w" 

Q_c=1 -2*theta_o_c*J_1/lambda_1_c "Q_c=(Q/Q_max)_c" 

J_1 =0.0835 "From Table 4-3, at lambda_1_c" 

Q/Q_max=Q_w+Q_c*(1-Q_w) "total heat transfer" 
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time [min] 

T„.n rci 

t,..„ rci 

Q[kJ] 

5 

124.5 

123.2 

65.97 

10 

103.4 

102.3 

118.5 

15 

86.49 

85.62 

160.3 

20 

73.03 

72.33 

193.7 

25 

62.29 

61.74 

220.3 

30 

53.73 

53.29 

241.6 

35 

46.9 

46.55 

258.5 

40 

41.45 

41.17 

272 

45 

37.11 

36.89 

282.8 

50 

33.65 

33.47 

291.4 

55 

30.88 

30.74 

298.2 

60 

28.68 

28.57 

303.7 
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4-80 A semi-infinite aluminum cylinder is cooled by water. The temperature at the center of the cylinder 5 
cm from the end surface is to be determined. 

Assumptions 1 Heat conduction in the semi-infinite cylinder is two-dimensional, and thus the temperature 
varies in both the axial x- and the radial r- directions. 2 The thermal properties of the cylinder are constant. 
3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The Fourier number is x > 
0.2 so that the one-term approximate solutions (or the transient temperature charts) are applicable (this 
assumption will be verified). 

Properties The thermal properties of aluminum are given to be k = 237 W/m.°C and a = 9.71x10' m /s. 

Analysis This semi-infinite cylinder can physically be formed by the intersection of a long cylinder of 
radius r Q = D/ 2 = 7.5 cm and a semi-infinite medium. The dimensionless temperature 5 cm from the surface 
of a semi-infinite medium is first determined from 


nx,t)-Ti 

T,-T l 


- erfc 


= erfc 


r ^ 
x 

K yfat y 

r 


exp 


r , ,2 \ 

hx h at 
— + — — 


v 


erfc 


x hjat 
f 


2 yfat 


J 


0.05 


-5 


erfc 


2J (9.7 1 x 10 )(8 x 60) 


0.05 


exp 


f 040X005) | (140) 2 (9.71xl(r 5 )(8x60y 


V 


237 


(237) 


J 


(140)^/ (9.7 1 x 1CT 5 )(8 x 60) 


2 a /(9.71x10“ 5 )(8x60) 237 

= er/c(0.1158)-exp(0.0458)er/c(0.2433) = 0.8699 - (1.0468)(0.7308) = 0.1049 


6 


semi - inf 


T(x,t)-T x 

T, 


= 1-0.1049 = 0.8951 


The Biot number is calculated for the long cylinder to be 


hr n 
Bi = — — 


(140 W/m 2 .°C)(0.075 m) 
237 W/m.°C 


= 0.0443 


The constants and A { corresponding to this 
Biot number are, from Table 4-2, 

A-j = 0.2948 and A! =1.01 10 
The Fourier number is 


T = 



(9.71 xl0~ 5 m 2 /s)(8x60s) 
(0.075 m) 2 


= 8.286 > 0.2 


Water 
T«>= 10°C 


Semi-infinite 
cylinder 
T { = 115°C 



D 0 = 15 cm 


r 


Therefore, the one-term approximate solution (or the transient temperature charts) is applicable. Then the 
dimensionless temperature at the center of the plane wall is determined from 

0 ocyl = T " ~ Ty = (1.01 10)e^°' 2948)2(8 ' 286) =0.4921 

Tj — Tec 


The center temperature of the semi-infinite cylinder then becomes 
T(xfi,t)-T^ 


T -T 

J l J oo 


T(x, 0, Q-10 
115-10 


semi-infinite 

cylinder 


semi-infinite 

cylinder 


= ^semi-inf ( X ’ 0 x @o,cyl = 0-895 1 X 0.4921 = 0.4405 


= 0.4405 > T(x, 0, t) = 56.3°C 
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4-81E A hot dog is dropped into boiling water. The center temperature of the hot dog is do be determined 
by treating hot dog as a finite cylinder and also as an infinitely long cylinder. 

Assumptions 1 When treating hot dog as a finite cylinder, heat conduction in the hot dog is two- 
dimensional, and thus the temperature varies in both the axial x- and the radial r- directions. When treating 
hot dog as an infinitely long cylinder, heat conduction is one-dimensional in the radial r- direction. 2 The 
thermal properties of the hot dog are constant. 3 The heat transfer coefficient is constant and uniform over 
the entire surface. 4 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal properties of the hot dog are given to be k = 0.44 Btu/h.ft.°F, p = 61.2 lbm/ft 3 c p = 
0.93 Btu/lbm.°F, and a = 0.0077 ft 2 /h. 


Analysis (a) This hot dog can physically be formed by the intersection of a long cylinder of radius r a = DU 
= (0.4/12) ft and a plane wall of thickness 2 L = (5/12) ft. The distance v is measured from the midplane. 

After 5 minutes 


First the Biot number is calculated for the plane wall to be 

. hi (120 Btu/h.ft 2 .°F)(2.5 / 12 ft) 0 

Bi — — = = 56.8 

k (0.44 Btu/h.ft.°F) 

The constants and A { corresponding to this 
Biot number are, from Table 4-2, 

Aj =1.5421 and A x = 1.2728 
The Fourier number is 


Water 

212°F 


Hot dog 


^ x 


T = 


at 
L 2 


(0.0077 fr/h)(5/60h) 
(2.5 /12 ft) 2 


= 0.015 <0.2 


(Be cautious!) 


Then the dimensionless temperature at the center of the plane wall is determined from 


a 


0 ,wall 


T 0 T x 
7/ - T,, 


= A ie - Al2z =(1.2728)e“ (1 - 5421)2(a015) =1.228 


We repeat the same calculations for the long cylinder, 

hr a _ (120 Btu/h.ft 2 .°F)(0.4 / 12 ft) _ 1 
l ~ k ~ (0.44 Btu/h.ft.°F) 

Aj =2.1589 and A! =1.5618 


at (0.0077 ft /h)(5/60h) A AO 
r = — = = 0.578 > 0.2 

r 2 (0.4 /12 ft) 2 


e 


o,cyl 


T -T 

o CO 

T -T 

* l M oo 


= A 1 e A,2r =(1.5618)e" <2 1589)2(0 ' 578) =0.106 


Then the center temperature of the short cylinder becomes 
7X0,0, 0-7^ 


T -T 

X / X 00 


short 

cylinder 


= 0 o ,„an*0 o , cyl =1.228x0.106 = 0.130 


7(0,0,0-212 

40-212 


= 0.130 > r(0,0, 0 = 190°F 
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After 10 minutes 


T = 


at 
L 2 


(0.0077 ft 2 /h)(10/60h) 
(2.5 /12 ft) 2 


= 0.03 <0.2 


(Be cautious!) 


Oo.waii = = (1.2728)* - (1 ' 5421)2(a03) =1.185 

ar (0.0077 ft 2 /h)(l 0/60 h) , o „ 
r = — = = 1.156 >0.2 

r 2 (0.4 /12ft)“ 



T -T 

O CO 

T -T 

* i M oo 


= A, 


, 2 

.-/t, r 


(1.5618)e' (2 1589)2(1156) = 0.0071 


T(0,0,t)-T n 

T,~T X 


short 

cylinder 


7X0,0, 0-212 
40-212 


= 0o,waii *°o,cyi =1-185x0.0071 = 0.0084 


= 0.0084 > 7X0,0, 0 = 211°F 


After 15 minutes 


T = 


at (0.0077 ft 2 /h)(15/60h) 


V 


(2.5 /12 ft) 


= 0.045 <0.2 (Be cautious!) 


0o, wa „ = =(1.2728) e - (1 ' 5421)2(0 ' 045) =1.143 

at (0.0077 ft 2 /h)(l 5/60 h) 1?31:(} . 

r 2 (0.4 /12 ft) 2 


0 


0,cyl 


T 0 T x 
T, - T,, 


= A l e~^ T =(1.5618)e _(2 1589)2(L734) =0.00048 


T(0,0,t)-T„ 
- T,, 

7X0,0, Q-212 
40-212 


short 

cylinder 


= 8 0 , wa u x 0 ocyl =1.143x0.00048 = 0.00055 


= 0.00055 > T( 0,0, t) = 212 °F 


(, b ) Treating the hot dog as an infinitely long cylinder will not change the results obtained in the part (a) 
since dimensionless temperatures for the plane wall is 1 for all cases. 
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4-82E A hot dog is dropped into boiling water. The center temperature of the hot dog is do be determined 
by treating hot dog as a finite cylinder and an infinitely long cylinder. 

Assumptions 1 When treating hot dog as a finite cylinder, heat conduction in the hot dog is two- 
dimensional, and thus the temperature varies in both the axial x- and the radial r- directions. When treating 
hot dog as an infinitely long cylinder, heat conduction is one-dimensional in the radial r- direction. 2 The 
thermal properties of the hot dog are constant. 3 The heat transfer coefficient is constant and uniform over 
the entire surface. 4 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal properties of the hot dog are given to be k = 0.44 Btu/h.ft.°F, p = 61.2 lbm/ft 3 c p = 
0.93 Btu/lbm.°F, and a = 0.0077 ft 2 /h. 

Analysis (a) This hot dog can physically be formed by the intersection of a long cylinder of radius r G = DU 
= (0.4/12) ft and a plane wall of thickness 2 L = (5/12) ft. The distance x is measured from the midplane. 

After 5 minutes 


First the Biot number is calculated for the plane wall to be 

ri hL (120Btu/h.ft 2 .°F)(2.5/ 12ft) ^ „ 

Bi = — = = 56.8 

k (0.44 Btu/h.ft.°F) 


Water 

202°F 


The constants A 1 and A x corresponding to this 
Biot number are, from Table 4-2, 

Aj =1.5421 and A x = 1.2728 
The Fourier number is 


Hot dog 


r = 


at 
L 2 


(0.0077 fr/h)(5/60h) 
(2.5 /12 ft) 2 


= 0.015 <0.2 


(Be cautious!) 


I r 




Then the dimensionless temperature at the center of the plane wall is determined from 


a 


0 ,wall 


T 0 T x 
7/ - T,, 


= A ie - Al2z =(1.2728)e“ (1 - 5421)2(a015) =1.228 


We repeat the same calculations for the long cylinder, 

hr a _ (120 Btu/h.ft 2 .°F)(0.4 / 12 ft) _ 1 
l ~ k ~ (0.44 Btu/h.ft.°F) 

Aj =2.1589 and A! =1.5618 


at (0.0077 ft /h)(5/60h) A AO 
r = — = = 0.578 > 0.2 

r 2 (0.4 /12 ft) 2 


e, 


0 ,cyl 


7q-7^ 
T, -T x 


= A ie ^' lT = (1.5618V _(2 1589)2(0 ' 578) =0.106 


Then the center temperature of the short cylinder becomes 
7X0,0, 0-7^ 


T -T 

X / X 00 


short 

cylinder 


= 0 o ,„an*0 o , cyl =1.228x0.106 = 0.130 


T (0,0, t) - 202 
40-202 


= 0.130 > r(0,0, t) = 181°F 
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After 10 minutes 


T = 


at 
L 2 


(0.0077 ft 2 /h)(10/60h) 
(2.5 /12 ft) 2 


= 0.03 <0.2 


(Be cautious!) 


Oo.waii = = (1.2728)* - (1 ' 5421)2(a03) =1.185 

ar (0.0077 ft 2 /h)(l 0/60 h) , o „ 
r = — = = 1.156 >0.2 

r 2 (0.4 /12ft)“ 



Tq~T x 

T, ~T V 


= A, 


, 2 

-A, T 


(1.5618)e“ (2 1589)2(U56) = 0.007 


T(0,0,t)-T n 

T,~T X 


short 

cylinder 


T (0,0, t) - 202 
40-202 


= 0o,waii *°o,cyi =1-185x0.0071 = 0.0084 


= 0.0084 >T( 0,0, t) = 201°F 


After 15 minutes 


T = 


at (0.0077 ft 2 /h)(15/60h) 


V 


(2.5 /12 ft) 


= 0.045 <0.2 (Be cautious!) 


0o, wa „ = J ^ L = A l e-^ =(1.2728) e - (1 ' 5421)2(0 ' 045) =1.143 

* i * oo 

(0.0077 ft 2 /h)(l 5/60 h) 1?31:(} . 
r 0 2 (0.4 /12 ft) 2 

= T °~ Tx = A l e~*' T = (1.5618)e _(2 ' 1589)2(1 ' 734) =0.00048 
T i — 


mOtO-foo 

Ti-T„ 

r(0,0, 0-202 

40-202 


short 

cylinder 


= 0 O ,™» x^.cv/ =1.143x0.00048 = 0.00055 


= 0.00055 > THICK t) = 202 °F 


(b) Treating the hot dog as an infinitely long cylinder will not change the results obtained in the part (a) 
since dimensionless temperatures for the plane wall is 1 for all cases. 
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4-83 A rectangular ice block is placed on a table. The time the ice block starts melting is to be determined. 

Assumptions 1 Heat conduction in the ice block is two-dimensional, and thus the temperature varies in 
both x- and y- directions. 2 The thermal properties of the ice block are constant. 3 The heat transfer 
coefficient is constant and uniform over the entire surface. 4 The Fourier number is x > 0.2 so that the one- 
term approximate solutions (or the transient temperature charts) are applicable (this assumption will be 
verified). 

Properties The thermal properties of the ice are given to be k = 2.22 W/m.°C and a = 0. 124x 10' m Is. 

Analysis This rectangular ice block can be treated as a short 
rectangular block that can physically be formed by the intersection 
of two infinite plane wall of thickness 2L = 4 cm and an infinite 
plane wall of thickness 2L = 10 cm. We measure x from the 
bottom surface of the block since this surface represents the 
adiabatic center surface of the plane wall of thickness 2L = 10 cm. 

Since the melting starts at the corner of the top surface, we need to 
determine the time required to melt ice block which will happen 
when the temperature drops below 0°C at this location. The Biot 
numbers and the corresponding constants are first determined to 
be 



Bi 


wall,l 


^ Z wall,3 ~ 


hL x _ (12W/m 2 .°C)(0.02m) 
k ~ (2.22 W/m.°C) 

hL 3 _ (12W/m 2 .°C)(0.05m) 
k ~ (2.22 W/m.°C) 


= 0.1081 >A X = 0.3208 and A x =1.0173 


= 0.2703 > A, =0.4951 and A x = 1.0408 


The ice will start melting at the corners because of the maximum exposed surface area there. Noting that 

t = at / L and assuming that x > 0.2 in all dimensions so that the one-term approximate solution for 
transient heat conduction is applicable, the product solution method can be written for this problem as 

d(L l ,L 2 ,L 3 A) block = 0(^1, 0 wall,l ^(^3 T) wall, 2 


0-18 
-20-18 ” 

0.4737 = 


A x e~^~ T cos U jLj !L X ) 


-|2r 


A x e 1 cos (A x L 3 / L 3 ) 


-7 


X 


(1.0173) exp 


(1.0408) exp 


-(0.3208) 


-(0.4951) 


2 (0.124x 10 )t 


( 0 . 02 ) 


-7 


2 (0.124x 10 )t 
(0.05) 2 


cos(0.3208) 


cos(0.4951) 


> t = 77,500 s = 1292 min = 21.5 hours 

Therefore, the ice will start melting in about 21 hours. 

Discussion Note that 

at (0.124xl0~ 7 m 2 /s)(77,500s/h) 
t = — = = 0.384 > 0.2 

L 2 (0.05 m) 2 

and thus the assumption of x > 0.2 for the applicability of the one-term approximate solution is verified. 
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4-84 EES Prob. 4-83 is reconsidered. The effect of the initial temperature of the ice block on the time 
period before the ice block starts melting is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 
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"GIVEN" 

2*L_1 =0.04 [m] 

L_2=L_1 
2*L_3=0.1 0 [m] 

T_i=-20 [C] 

T_infinity=18 [C] 
h=12 [W/m A 2-C] 

T_L1_L2_L3=0 [C] 

"PROPERTIES" 
k=2.22 [W/m-C] 
alpha=0.124E-7 [m A 2/s] 

"ANALYSIS" 

"This block can physically be formed by the intersection of two infinite plane wall of thickness 2L=4 cm 
and an infinite plane wall of thickness 2L=10 cm" 

"For the two plane walls" 

Bi_w1=(h*L_1 )/k 

"From Table 4-2 corresponding to this Bi number, we read" 

Iambda_1_w1 =0.3208 "w stands for wall" 

A_1_w1 =1 .01 73 

time*Convert(min, s)=tau_w1 *L_1 A 2/alpha 
"For the third plane wall" 

Bi_w3=(h*L_3)/k 

"From Table 4-2 corresponding to this Bi number, we read" 

Iambda_1_w3=0.4951 
A_1_w3=1 .0408 

time*Convert(min, s)=tau_w3*L_3 A 2/alpha 

theta_L_w1 =A_1 _w1 *exp(-lambda_1 _w1 A 2*tau_w1 )*Cos(lambda_1 _w1 *L_1 /L_1 ) 

"theta_L_w1 =(T_L_w1 -TJnfinity)/(T_i-T_infinity)" 

theta_L_w3=A_1_w3*exp(-lambda_1_w3 A 2*tau_w3)*Cos(lambda_1_w3*L_3/L_3) 

"theta_L_w3=(T_L_w3-T_infinity)/(T_i-T_infinity)" 

(T_L1_L2_L3-TJnfinity)/(TJ-TJnfinity)=theta_L_w1 A 2*theta_L_w3 "corner temperature" 



TUC] 

time [min] 

-26 

1614 

-24 

1512 

-22 

1405 

-20 

1292 

-18 

1173 

-16 

1048 

-14 

914.9 

-12 

773.3 

-10 

621.9 

-8 

459.4 

-6 

283.7 

-4 

92.84 
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4-85 A cylindrical ice block is placed on a table. The initial temperature of the ice block to avoid melting 
for 2 h is to be determined. 


Assumptions 1 Heat conduction in the ice block is two-dimensional, and thus the temperature varies in 
both v- and r- directions. 2 Heat transfer from the base of the ice block to the table is negligible. 3 The 
thermal properties of the ice block are constant. 4 The heat transfer coefficient is constant and uniform over 
the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 


Properties The thermal properties of the ice are given to be k 
= 2.22 W/m.°C and a = 0.124xl0' 7 m 2 /s. 

Analysis This cylindrical ice block can be treated as a short 
cylinder that can physically be formed by the intersection of a 
long cylinder of diameter D = 2 cm and an infinite plane wall 
of thickness 2L = 4 cm. We measure x from the bottom surface 
of the block since this surface represents the adiabatic center 
surface of the plane wall of thickness 2L = 4 cm. The melting 
starts at the outer surfaces of the top surface when the 
temperature drops below 0°C at this location. The Biot 
numbers, the corresponding constants, and the Fourier numbers 
are 


(r a , L) 

Air 

T* = 24°C 


^ r 

Insulation 



Bi 


wall 


^'cyl “ 


hL _ (13 W/m 2 .°C)(0.02 m) 
k ~ (2.22 W/m.°C) 

hr a _ (13 W/m 2 .°C)(0.01m) 
k ~ (2.22 W/m.°C) 


= 0.1171 =0.3319 and A, =1.0187 


= 0.05856 >A l =0.3393 and A x =1.0144 


at (0.124xl0~ 7 m 2 /s)(3hx3600s/h) „„„„„ „„ 

t wall = — = r = 0.3348 > 0.2 


V 


(0.02 m) 


at (0.124xl0~ 7 m 2 /s)(3hx3600s/h) , „ ono n „ 

't C yi = — ^ = 7 = 1 .3392 > 0.2 

° yl r~ (0.01m) 2 


Note that x > 0.2 in all dimensions and thus the one-term approximate solution for transient 
heat conduction is applicable. The product solution for this problem can be written as 
$(T, r Q , t ) bi oc k — t ) wa u Q(r 0 , t ) cy j 

r 0 !r 0 ) 

(1.01 46)e _(0 ' 3393)2 (1 - 3392) (0.97 08) 

which gives T t = -6.6°C 

Therefore, the ice will not start melting for at least 3 hours if its initial temperature is -6.6°C or below. 


0-24 
Ti -24 
0-24 

T' O A 


A x e A ' T cos(A l L/ L) 


A ie -^ T J 0 (A r 


(1 .0 1 87)e _(0 ' 33 19)2 (0 - 3348) cos(0.3319) 
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4-86 A cubic block and a cylindrical block are exposed to hot gases on all of their surfaces. The center 
temperatures of each geometry in 10, 20, and 60 min are to be determined. 

Assumptions 1 Heat conduction in the cubic block is three-dimensional, and thus the temperature varies in 
all v-, y, and z- directions. 2 Heat conduction in the cylindrical block is two-dimensional, and thus the 
temperature varies in both axial x- and radial r- directions. 3 The thermal properties of the granite are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The thermal properties of the granite are given to be k = 2.5 W/m.°C and a = 1.15xl0" 6 m 2 /s. 
Analysis : 

Cubic block: This cubic block can physically be formed by the intersection of three infinite plane walls of 
thickness 2L = 5 cm. 


After 10 minutes : The Biot number, the corresponding constants, and the Fourier number are 
hL (40 W/m 2 .°C)(0.025 m) 


Bi = 


(2.5 W/m.°C) 


= 0.400 =0.5932 and ^=1.0580 


_ at _ (1.15x10 6 m 2 /s)(10minx60s/min) _ ^ |q^ > q ^ 

L 2 (0.025 m) 2 

To determine the center temperature, the product solution can be written as 

#(0,0,0, t) b^k =[0(0,0 wa ii] 

7(0,0,0,Q-r oD 

Ti-T t * 

7(0,0,0,0-500 
20-500 
7(0, 0,0,0 = 323°C 

After 20 minutes 

at (1.15 x 10 -6 m 2 /s)(20 minx 60 s/min) _ ^ _ 

t = — = = 2.208 > 0.2 

L 2 (0.025 m) 2 

7(0,0,0,0-500 = L Q580)g -(0.5932) 2 (2.208) | 3 = 0 115 > 7 ( 0 , 0,0, 0 = 445°c 

20-500 ^ J 

After 60 minutes 


, 2 
—A, T 




.0580) e - (a5932)2(1 104) } 3 =0.369 


5 cm x 5 cm x 5 cm 



Hot gases 
500°C 



7, = 20°C 

_ J 


T = 


at (1.15x10 6 m 2 /s)(60 minx 60 s/min) 


U 


= 6.624 > 0.2 


(0.025 m) 


7(0, 0,0, o 500 = [ LQ58Q ) g -(0-5932) 2 (6.624) j 3 _ 0 .00 10 9 » 7(0, 0,0, 0 = 500°c 

20-500 ^ j 

Note that x > 0.2 in all dimensions and thus the one-term approximate solution for transient heat 
conduction is applicable. 
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Cylinder: This cylindrical block can physically be formed by the intersection of a long cylinder of radius 
r Q = D ! 2 = 2.5 cm and a plane wall of thickness 2L = 5 cm. 


After 10 minutes : The Biot number and the corresponding constants for the long cylinder are 


hr n 
Bi = — — 


(40 W/m 2 ,°C) (0.025 m) 
(2.5 W/m.°C) 


= 0.400 ^ =0.8516 and Aj =1.0931 


To determine the center temperature, the product solution can be written as 

0(0,0, 0 

block [mt) W au}[m,t) t7l \ 


ram t) - t 


o 2 

—A, r 


T -T 

i l J CO 


00 = A x e~'^ 


wall 


i 2 


cyl 


7(0,0, 0 500 = ^ 0580 ) ^-(o. 5932 ) 2 (i.io 4 ) | L 0931)^“ (a8516)2(1 104) }= 0.352 > 7(0,0, t) = 331°C 


20-500 
After 20 minutes 


7(0,0, 0 500 = L Q580)g -(0.5932) 2 (2.208) jL .0931)<T (a85 16)2 (2 - 208) }= 0. 107 > 7(0,0, t) 

20-500 ^ ^ j 


= 449°C 


After 60 minutes 

^ 20 *500 °° = K 0580)e <0 ' 5932)2<6624) |l-0931)e“ (a8516)2(6 ' 624) }= 0.00092 >7(0.0. t) = 500°C 

Note that t > 0.2 in all dimensions and thus the one-term approximate solution for transient heat 
conduction is applicable. 
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4-87 A cubic block and a cylindrical block are exposed to hot gases on all of their surfaces. The center 
temperatures of each geometry in 10, 20, and 60 min are to be determined. 

Assumptions 1 Heat conduction in the cubic block is three-dimensional, and thus the temperature varies in 
all x- , y, and z- directions. 2 Heat conduction in the cylindrical block is two-dimensional, and thus the 
temperature varies in both axial x- and radial r- directions. 3 The thermal properties of the granite are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The thermal properties of the granite are k = 2.5 W/m.°C and a = 1.15x1 O' 6 m 2 /s. 

Analysis : 

Cubic block: This cubic block can physically be formed by the intersection of three infinite plane wall of 
thickness 2L = 5 cm. Two infinite plane walls are exposed to the hot gases with a heat transfer coefficient 

of h — 40 W / m 2 . ° C and one with h - 80 W / m 2 .° C . 


2 

After 10 minutes : The Biot number and the corresponding constants for h = 40 W/m .°C are 


D . hL (40 W/m 2 .°C)(0.025 m) n „ nn 

Bi = — = = 0.400 

k (2.5 W/m.°C) 


■> Aj = 0.5932 and A x =1.0580 


2 

The Biot number and the corresponding constants for h = 80 W/m .°C are 

D . hL (80 W/m 2 .°C)(0.025 m) n onn 

Bi = — = = 0.800 

k (2.5 W/m.°C) 


=0.7910 and A x =1.1016 


The Fourier number is 


at (1.15x10 6 m 2 /s)(10minx60s/min) 1 .. . __ 

t = — — = : = 1.104 > 0.2 


V 


(0.025 m) 


To determine the center temperature, the product solution method can 
be written as 


#(0,0,0, t) block - [#(0, t) wall ] [#(0, t) wan ] 

TWAO-T" 

Ti-T„ 


-A, 2 r 


= V 


-A, 2 t 


T (0,0,0, t)- 500 = L 05 ( 0 . 5932, 2 ( 1 . 104 ) } 2 f ! ! o 1 6) e — (0 - 79 1 °) 2 1 1 - 104 ) } 

20-500 f f ) 


5 cm x 5 cm x 5 cm 



Hot gases 
500°C 


Ti = 20°C 


= 0.284 


r(0,0,0,0 = 364°C 
After 20 minutes 

at (1.15 x 10 -6 m 2 /s)(20 minx 60 s/min) 
r = — — = = 2.208 > 0.2 

L 2 (0.025 m) 2 

7X0,0,0,0-500 _ L 0580 , e -( 0 . 5932 ) 2 ( 2 . 208 ) l 2 L !Q16)e -( 0 - 7910 ) 2 ( 2 . 208 ) 
20-500 ^ f ‘ 


0.0654 


>7X0,0,0,f) = 469°C 
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After 60 minutes 

at (1.15xl0 -6 m 2 /s)(60minx60s/min) 
r = —— = = 6.624 > 0.2 

L 2 (0.025 m) 2 

r( 0.0.0. 0-500 = L 05 8 (0.5932,06.624) } 2 [ U0 16) e - (a7910)2(6 ' 624) }= 0.000186 

20-500 ^ j ^ j 

>r(0,0,0,o = 500°c 


Note that t > 0.2 in all dimensions and thus the one-term approximate solution for transient heat 
conduction is applicable. 

Cylinder: This cylindrical block can physically be formed by the intersection of a long cylinder of radius 

r 0 = D/2 = 2.5 cm exposed to the hot gases with a heat transfer coefficient of h- 40 W/m .°C and a plane 

2 

wall of thickness 2L = 5 cm exposed to the hot gases with h = 80 W/m .°C . 


After 10 minutes : The Biot number and the corresponding constants for the long cylinder are 


hr n 
Bi = — — 


(40 W/m 2 .°C)(0.025 m) 
(2.5 W/m.°C) 


= 0.400 >A l =0.8516 and Aj =1.0931 


To determine the center temperature, the product solution method can be written as 


0(0,0, t) block 

7X0,0, 0-^co 

Ti-T* 

T( 0,0,0-500 
20-500 

r(o,o, t) 


[^(O, t) wall ][0(O, t) cyt j 

fv Vr l Ue-&) 

^ 2 wall V 2 cyl 

{:1.1016V - (a7910)2 (1 ■ 104) |l .093 l)e -C°-85i6) 2 (i.i04) 

370°C 


0.271 


After 20 minutes 

7(0,0,0-500 = L 1Q16 ) g -(0-7910) 2 (2.208) | L0931 ),-(0.8516) 2 (2.208) \ Q 06094 >7(0, 0,0 = 471°C 

20-500 ^ j 

After 60 minutes 

T ^0 ? 50Q 00 = f 1 - 1016 ^ <0 ' 7910>2<6 ' 624) |l-0931)e _<a8516)2(6 ' 624) }= 0.0001568 >7X0,0, t) = 500°C 


Note that t > 0.2 in all dimensions and thus the one-term approximate solution for transient heat 
conduction is applicable. 
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4-88 A cylindrical aluminum block is heated in a furnace. The length of time the block should be kept in 
the furnace and the amount of heat transfer to the block are to be determined. 


Assumptions 1 Heat conduction in the cylindrical block is two-dimensional, and thus the temperature 
varies in both axial x- and radial r- directions. 2 The thermal properties of the aluminum are constant. 3 
The heat transfer coefficient is constant and uniform over the entire surface. 4 The Fourier number is t > 
0.2 so that the one-term approximate solutions (or the transient temperature charts) are applicable (it will 
be verified). 

Properties The thermal properties of the aluminum block are given to be k = 236 W/m.°C, p = 2702 kg/m , 
c p = 0.896 kJ/kg.°C, and a = 9.75xl0' 5 m 2 /s. 

Analysis This cylindrical aluminum block can physically be formed by the intersection of an infinite plane 
wall of thickness 2 L = 20 cm, and a long cylinder of radius r„ = DU = 1.5 cm. The Biot numbers and the 
corresponding constants are first determined to be 


Bi = — = (8° W/ni 2 -°C)(0.1m) _ Q Q339 
k (236 W/m.°C) 


>^=0.1811 and A x =1.0056 


g .= /^= (80W/ m 2 .°C)(0.075m) =oo254 
k 236 W/m.°C 


=0.2217 and A x =1.0063 


. 2 . 

Noting that t = at / L and assuming t > 0.2 in all dimensions and thus the one-term approximate solution 
for transient heat conduction is applicable, the product solution for this problem can be written as 


0(0,°,*) block - 0(0’*) wall 0(0’*) cyl - \ e 


, 2 

-A l T 


wall 


300-1200 




(1.0056) exp 


20-1200 

= 0.7627 

Solving for the time t gives 
t = 241 s = 4.0 min. 
We note that 


A x e 


-5 


i 2 

-A, T 


-(0.1811) 


2 (9.75x 10 )f 

(0.1) 2 




cyl 

(1.0063) exp 


-5 


-(0.2217) 


2 (9.75 x 10 )t 
(0.075) 2 


Furnace 
7C = 1200°C 


wall 


^cyl 2 


at _ (9.75 xlQ~ 5 m 2 /s)(241 s) 
L 2 (0.1m) 2 

at (9.75 xlO" 5 m 2 /s)(241s) 


= 2.350 > 0.2 


= 4.177 > 0.2 


(0.075 m) 


and thus the assumption of t > 0.2 for the applicability 
of the one-term approximate solution is verified. The 
dimensionless temperatures at the center are 



k 



> 



Cylinder 

rT 11 

r, = 20°c 
■ 




0(0, t) 


wall 


= A, e 


0(0.0 cyl =\ A ie 


, 2 

—At T 


i 2 

—At T 


= (1.0056) exp 


wall 


- (0. 18 1 1) 2 (2.350) 


cyl 


= (1 .0063) exp - (0.2217) 2 (4. 177) 


= 0.9310 
= 0.8195 


The maximum amount of heat transfer is 

m = pV = pm;L = (2702 kg/m 3 )[^(0.075 m) 2 ' (0.2 m)] = 9.550 kg 

6max = mc P (T i -?:, ) = (9.550 kg)(0.896 kJ/kg.°C)(20 - 1200)°C = 10.100 kJ 

Then we determine the dimensionless heat transfer ratios for both geometries as 


L 


L 
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" Q ' 

V 2 max j wa ii 

' Q ' 

\Qmax J cy [ 


= 1-0 


o,wall 


= 1-2 0 


o,cyl 


” Util = 1 - (0.93 10) S " ll0J811> - 0.07408 
A l 0.1811 


= l - 2(0.8 1 95) Q ' 11Q1 = 0. 1 860 
A l 0.2217 


The heat transfer ratio for the short cylinder is 


f Q ' 


[ Q ' 

+ 

plane 

wall 

( Q ) 


1 - 

f Q ' 


v Q max J 

short 

cylinder 

V ^ max J 

V ^ max j 

long 

cylinder 

V ^ max J 

plane 

wall 


= 0.07408 + (0. 1 860)(1 - 0.07408) = 0.2463 


Then the total heat transfer from the short cylinder as it is cooled from 300°C at the center to 20°C 
becomes 


Q = 0.2463 0 max = (0.2463)(10,100 kJ) = 2490 kj 

which is identical to the heat transfer to the cylinder as the cylinder at 20°C is heated to 300°C at the 
center. 
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4-89 A cylindrical aluminum block is heated in a furnace. The length of time the block should be kept in 
the furnace and the amount of heat transferred to the block are to be determined. 


Assumptions 1 Heat conduction in the cylindrical block is two-dimensional, and thus the temperature 
varies in both axial x- and radial r- directions. 2 Heat transfer from the bottom surface of the block is 
negligible. 3 The thermal properties of the aluminum are constant. 4 The heat transfer coefficient is 
constant and uniform over the entire surface. 5 The Fourier number is t > 0.2 so that the one-term 
approximate solutions (or the transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal properties of the aluminum block are given to be k = 236 W/m.°C, p = 2702 kg/nr, 
c p = 0.896 kJ/kg.°C, and a = 9.75xl0' 5 m 2 /s. 

Analysis This cylindrical aluminum block can physically be formed by the intersection of an infinite plane 
wall of thickness 2 L = 40 cm and a long cylinder of radius r G = DU = 7.5 cm. Note that the height of the 
short cylinder represents the half thickness of the infinite plane wall where the bottom surface of the short 
cylinder is adiabatic. The Biot numbers and corresponding constants are first determined to be 


Bi = 


hL _ (80 W/m 2 .°C)(0.2 m) 
k ~ (236 W/m.°C) 


= 0.0678 -> = 0.2568 and 


Aj =1.0110 


. hr G (80 W/m 2 .°C)(0.075 m) 


Bi = 


(236 W/m.°C) 


= 0.0254 = 0.2217 and A x =1.0063 


• 2 . 

Noting that t = at / L and assuming t > 0.2 in all dimensions and thus the one-term approximate solution 
for transient heat conduction is applicable, the product solution for this problem can be written as 


-A, r 


0(0-0, 0 Mock =0(0,0 wan 0(0, Ocy! = V 1 


wall 


300-1200 

20-1200 




(1.01 10) exp 


A x e 


-5 


1 2 

-A, T 


-(0.2568) 


2 (9.75x10 )t 

(0.2) 2 


x 


7cyl 

(1.0063) exp 


-5 


-(0.2217) 


2 (9.75x10 )t 
(0.075) 2 


= 0.7627 

Solving for the time t gives 
t = 285 s = 4.7 min. 
We note that 


Furnace 
T m = 1200°C 


at (9.75 xl0~ 5 m 2 /s)(285s) 


wall 9 

L 2 


(0.2 m) 


= 0.6947 > 0.2 


= * = (9.75 x 10 ~ 5 m 3 /s)(285 s) = ^ > ^ 
r; (0.075 m) 2 

and thus the assumption of t > 0.2 for the applicability of the 
one-term approximate solution is verified. The dimensionless 
temperatures at the center are 


t 

z 

^ 


Cylinder 


Ti = 20° C 




L 


L 


0 ( 0,0 


wall 


= A, e 


0(O,Ocyl = A I e 


o 2 

-A, T 


■> 2 

—At T 


= (1.01 10) exp 


wall 


-(0.2568) 2 (0.6947) 


= 0.9658 


cyl 


= (1.0063) exp -(0.2217) 2 (4.940) 


= 0.7897 


The maximum amount of heat transfer is 

m = pV = pJtr 0 L = (2702 kg/m 3 )[;r(0. 075 m) 2 (0.2 m)]= 9.55 kg 
Gmax = mc p (Tj -T x ) = (9.55 kg)(0.896 kJ/kg.°C)(20 - 1200)°C = 10,100 kJ 

Then we determine the dimensionless heat transfer ratios for both geometries as 
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" Q ' 

V 2 max J wa u 

' Q ' 

\Qm'dx J cy [ 


= 1-0 


o,wall 


1 - 1 - (0.9658) S " l( °- 568) - 0.04477 


= 1-20 


o,cyl 


h 

J j (?i\ ) 

~X~ 


0.2568 


= 1 - 2(0.7897) 0,1101 = 0.2156 


0.2217 


The heat transfer ratio for the short cylinder is 


' Q ' 

V^max j 


short 

cylinder 


' Q A 

V 2max j 


+ 


plane 

wall 


" Q ' 

V^rnax j 


long 

cylinder 


1- 


' Q ^ 

V 2max j 


plane 

wall 


= 0.04477 + (0.2156)(1 - 0.04477) = 0.2507 


Then the total heat transfer from the short cylinder as it is cooled from 300°C at the center to 20°C 
becomes 


Q = 0.25 07 <2 max = (0.2507X10,100 kJ) = 2530 kj 

which is identical to the heat transfer to the cylinder as the cylinder at 20°C is heated to 300°C at the 
center. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



4-74 


4-90 EES Prob. 4-88 is reconsidered. The effect of the final center temperature of the block on the heating 
time and the amount of heat transfer is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.20 [m] 

2*r_o=0.15 [m] 

T>20 [C] 

T_infinity=1200 [C] 

T_o_o=300 [C] 
h=80 [W/m A 2-C] 

"PROPERTIES" 
k=236 [W/m-C] 
rho=2702 [kg/m A 3] 

C_p=0.896 [kJ/kg-C] 
alpha=9.75E-5 [m A 2/s] 

"ANALYSIS" 

"This short cylinder can physically be formed by the intersection of a long cylinder of radius r_o 
and a plane wall of thickness 2L" 

"For plane wall" 

Bi_w=(h*L)/k 

"From Table 4-1 corresponding to this Bi number, we read" 
lambda_1_w=0.2568 "w stands for wall" 

A_1_w=1 .01 1 0 
tau_w=(alpha*time)/L A 2 

theta_o_w=A_1_w*exp(-lambda_1_w A 2*tau_w) "theta_o_w=(T _o_w-TJnfinity)/(T_i-TJnfinity)" 
"For long cylinder" 

Bi_c=(h*r_o)/k "c stands for cylinder" 

"From Table 4-2 corresponding to this Bi number, we read" 
lambda_1_c=0.221 7 
A_1_c= 1.0063 
tau_c=(alpha*time)/r_o A 2 

theta_o_c=A_1_c*exp(-lambda_1_c A 2*tau_c) "theta_o_c=(T_o_c-T_infinity)/(T_i-TJnfinity)" 
(T_o_o-TJnfinity)/(T_i-T_infinity)=theta_o_w*theta_o_c "center temperature of cylinder" 
V=pi*r_o A 2*L 
m=rho*V 

Q_max=m*C_p*(T_infinity-T_i) 

Q_w=1 -theta_o_w*Sin(lambda_1_w)/lambda_1_w "Q_w=(Q/Q_max)_w" 

Q_c=1 -2*theta_o_c*J_1/lambda_1_c "Q_c=(Q/Q_max)_c" 

J_1 =0.1 101 "From Table 4-3, at lambda_1_c" 

Q/Q_max=Q_w+Q_c*(1-Q_w) "total heat transfer" 
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t 0 . 0 rci 

time [s] 

Q[kJ] 

50 

42.43 

430.3 

100 

86.33 

850.6 

150 

132.3 

1271 

200 

180.4 

1691 

250 

231.1 

2111 

300 

284.5 

2532 

350 

340.9 

2952 

400 

400.8 

3372 

450 

464.5 

3793 

500 

532.6 

4213 

550 

605.8 

4633 

600 

684.9 

5053 

650 

770.8 

5474 

700 

864.9 

5894 

750 

968.9 

6314 

800 

1085 

6734 

850 

1217 

7155 

900 

1369 

7575 

950 

1549 

7995 

1000 

1770 

8416 
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Special Topic: Refrigeration and Freezing of Foods 

4-91 C The common kinds of microorganisms are bacteria, yeasts, molds, and viruses. The undesirable 
changes caused by microorganisms are off-flavors and colors, slime production, changes in the texture and 
appearances, and the spoilage of foods. 


4-92C Microorganisms are the prime cause for the spoilage of foods. Refrigeration prevents or delays the 
spoilage of foods by reducing the rate of growth of microorganisms. Freezing extends the storage life of 
foods for months by preventing the growths of microorganisms. 


4-93C The environmental factors that affect of the growth rate of microorganisms are the temperature, the 
relative humidity, the oxygen level of the environment, and air motion. 


4-94C Cooking kills the microorganisms in foods, and thus prevents spoilage of foods. It is important to 
raise the internal temperature of a roast in an oven above 70°C since most microorganisms, including some 
that cause diseases, may survive temperatures below 70°C. 


4-95C The contamination of foods with microorganisms can be prevented or minimized by (1) preventing 
contamination by following strict sanitation practices such as washing hands and using fine filters in 
ventilation systems, (2) inhibiting growth by altering the environmental conditions, and (3) destroying the 
organisms by heat treatment or chemicals. 

The growth of microorganisms in foods can be retarded by keeping the temperature below 4°C 
and relative humidity below 60 percent. Microorganisms can be destroyed by heat treatment, chemicals, 
ultraviolet light, and solar radiation. 


4-96C (a) High air motion retards the growth of microorganisms in foods by keeping the food surfaces 
dry, and creating an undesirable environment for the microorganisms, (b) Low relative humidity (dry) 
environments also retard the growth of microorganisms by depriving them of water that they need to grow. 
Moist air supplies the microorganisms with the water they need, and thus encourages their growth. 

Relative humidities below 60 percent prevent the growth rate of most microorganisms on food surfaces. 


4-97C Cooling the carcass with refrigerated air is at -10°C would certainly reduce the cooling time, but 
this proposal should be rejected since it will cause the outer parts of the carcasses to freeze, which is 
undesirable. Also, the refrigeration unit will consume more power to reduce the temperature to -10°C, and 
thus it will have a lower efficiency. 


4-98C The freezing time could be decreased by (a) lowering the temperature of the refrigerated air, (b) 
increasing the velocity of air, (c) increasing the capacity of the refrigeration system, and (d) decreasing the 
size of the meat boxes. 


4-99C The rate of freezing can affect color, tenderness, and drip. Rapid freezing increases tenderness and 
reduces the tissue damage and the amount of drip after thawing. 


4-100C This claim is reasonable since the lower the storage temperature, the longer the storage life of 
beef. This is because some water remains unfrozen even at subfreezing temperatures, and the lower the 
temperature, the smaller the unfrozen water content of the beef. 
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4-101C A refrigerated shipping dock is a refrigerated space where the orders are assembled and shipped 
out. Such docks save valuable storage space from being used for shipping purpose, and provide a more 
acceptable working environment for the employees. The refrigerated shipping docks are usually maintained 
at 1.5°C, and therefore the air that flows into the freezer during shipping is already cooled to about 1.5°C. 
This reduces the refrigeration load of the cold storage rooms. 

4-102C ( a ) The heat transfer coefficient during immersion cooling is much higher, and thus the cooling 
time during immersion chilling is much lower than that during forced air chilling. ( b ) The cool air chilling 
can cause a moisture loss of 1 to 2 percent while water immersion chilling can actually cause moisture 
absorption of 4 to 15 percent, (c) The chilled water circulated during immersion cooling encourages 
microbial growth, and thus immersion chilling is associated with more microbial growth. The problem can 
be minimized by adding chloride to the water. 

4-103C The proper storage temperature of frozen poultry is about -18°C or below. The primary freezing 
methods of poultry are the air blast tunnel freezing, cold plates, immersion freezing, and cryogenic cooling. 

4-104C The factors, which affect the quality of frozen, fish are the condition of the fish before freezing, 
the freezing method, and the temperature and humidity during storage and transportation, and the length of 
storage time. 


4-105 The chilling room of a meat plant with a capacity of 350 beef carcasses is considered. The cooling 
load and the air flow rate are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Specific heats of beef carcass and air are constant. 
Properties The density and specific heat of air at 0°C are given to be 1.28 kg/nr and 1.0 kJ/kg-°C. The 
specific heat of beef carcass is given to be 3.14 kJ/kg-°C. 

Analysis (a) The amount of beef mass that needs to be 
cooled per unit time is 

rh bee f = (Total beef mass cooled)/ (cooling time) 

= (350x 220 kg/carcass)/(12 h x 3600 s) = 1.782 kg/s 

The product refrigeration load can be viewed as the energy that 
needs to be removed from the beef carcass as it is cooled from 
35 to 16°C at a rate of 2.27 kg/s, and is determined to be 

Qbeef ~ p&T} beef 

= (1.782 kg/s)(3. 14kJ/kg.° C)(35 - 16)° C = 106 kW 
Then the total refrigeration load of the chilling room becomes 

Q total, chilling room — Qbeef Q fan Qlights Q heat gain ~ ^6 ^2 + 2 + 14 — 144 kW 

( b ) Heat is transferred to air at the rate determined above, and the temperature of air rises from -2.2°C to 
0.5°C as a result. Therefore, the mass flow rate of air is 



m air = 


Qai 


air 


144 kW 


(c AT) ■ (1.0 kJ/kg.°C)[0.5-(-2.2)°C] 


= 53.3 kg/s 


Then the volume flow rate of air becomes 



m 


air 


P air 


53.3 kg/s 
1.28 kg/m 3 


= 41.7 m 3 /s 
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4-106 Turkeys are to be frozen by submerging them into brine at -29°C. The time it will take to reduce the 
temperature of turkey breast at a depth of 3.8 cm to -18°C and the amount of heat transfer per turkey are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 The 
thermal properties of turkeys are constant. 

Properties It is given that the specific heats of turkey 
are 2.98 and 1.65 kJ/kg.°C above and below the 
freezing point of -2.8°C, respectively, and the latent 
heat of fusion of turkey is 214 kJ/kg. 

Analysis The time required to freeze the turkeys from 
1°C to -18°C with brine at -29°C can be determined 
directly from Fig. 4-54 to be 

t =180 min. = 3 hours 

(a) Assuming the entire water content of turkey is frozen, the amount of heat that needs to be removed 
from the turkey as it is cooled from 1°C to -18°C is 

Cooling to -2. 8°C: 2 CO oiing,fre S h =(mc p AT) fresh = (7 kg)(2.98kJ/kg-°C)[l- (-2.8)°C] = 79.3 kJ 
Freezing at -2.8°C: G freezing = "^latent = ( 7 kg)(214kJ/kg) = 1498 kJ 

Cooling -18°C: G cooling , frozen = (mc p Ar) frozen = (7 kg)( 1 .65 kJ/kg. 0 C)[-2.8-(-18)]°C = 175.6 kJ 

Therefore, the total amount of heat removal per turkey is 

Gtotal — 2cooling, fresh ^freezing 2cooling, frozen — 79.3 + 1498 + 175.6 = 1753 kJ 

( b ) Assuming only 90 percent of the water content of turkey is frozen, the amount of heat that needs to be 
removed from the turkey as it is cooled from 1°C to -18°C is 

Cooling to -2.8°C: 2 coo iing, fresh = ( mc p A:r )fresh = ( 7 kg)(2.98 kJ/kg • °C)[1 - (-2.98)°C] = 79.3 kJ 
Freezing at -2.8°C: <2f ree zing - ^latent = (7 x 0.9 kg)(214 kJ/kg) = 1348 kJ 

Cooling -18°C: G cooling , frozen = (me p AT) frozen = (7x0.9 kg)(1.65kJ/kg.°C)[-2.8- (-18)]°C = 158 kJ 

^cooling, unfrozen = (mc p AT)^ = (7x0.1 kg)(2.98 kJ/kg.°C)[-2.8-(-18)°C] = 31.7 kJ 
Therefore, the total amount of heat removal per turkey is 

Gtotal — Gcooling, fresh Q freezing 2cooling,frozen& unfrozen — 79.3 + 1 348 + 158 + 3 1 .7— 1617 kJ 
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4-107 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from 
the chicken and the mass flow rate of water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens are constant. 

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4.18 
kJ/kg.°C (Table A-9). 


210 kJ/min 




Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be 
considered to flow steadily through the chiller at a mass flow rate of 

m chicken = (500 chicken/h)(2.2 kg/chicken) = 1 100 kg/h = 0.3056kg/s 

Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C at this rate becomes 

Gchicken =0nc /? AT) chicken =(0.3056 kg/s)(3.54 kJ/kg.° C)(15 -3)°C = 13.0 kW 

( b ) The chiller gains heat from the surroundings as a rate of 210 kJ/min = 3.5 kJ/s. Then the total rate of 
heat gain by the water is 

Q water = Gchicken + Cheat gain = 13.0 + 3.5 = 16.5 kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow 
rate of water must be at least 


m water 


Q 


water 


( c p AT) water 


16.5kW 

(4.18 kJ/kg.° C)(2° C) 


= 1.97 kg/s 


If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more 
than 2°C. 


4-108E Chickens are to be frozen by refrigerated air. The cooling time of the chicken is to be determined 
for the cases of cooling air being at -40°F and -80°F. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens are constant. 

Analysis The time required to reduce the inner surface temperature of the chickens from 32°F to 25°F with 
refrigerated air at -40°F is determined from Fig. 4-53 to be 


t = 2.3 hours 

If the air temperature were -80°F, the freezing time 
would be 

t = 1.4 hours 

Therefore, the time required to cool the chickens to 
25 °F is reduced considerably when the refrigerated air 
temperature is decreased. 
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4-109 The center temperature of meat slabs is to be lowered by chilled air to below 5°C while the surface 
temperature remains above -1°C to avoid freezing. The average heat transfer coefficient during this cooling 
process is to be determined. 

Assumptions 1 The meat slabs can be approximated as very large plane walls of half-thickness L = 5-cm. 2 
Heat conduction in the meat slabs is one-dimensional because of symmetry about the centerplane. 3 The 
thermal properties of the meat slab are constant. 4 The heat transfer coefficient is constant and uniform 
over the entire surface. 5 The Fourier number is t > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal properties of the beef slabs are given to be p = 1090 kg/m', c p = 3.54 kJ/kg.°C, k 
= 0.47 W/m.°C, and a= 0.13xl0 -6 m 2 /s. 


Analysis The lowest temperature in the steak will occur at the surfaces and the highest temperature at the 
center at a given time since the inner part of the steak will be last place to be cooled. In the limiting case, 
the surface temperature at x = L = 5 cm from the center will be -1°C while the mid plane temperature is 5°C 
in an environment at -12°C. Then from Fig. 4- 15b we obtain 


x 5 cm 
L 5 cm 


T(LJ)-T^ 
T 0 -Too 


— 1 — (— 12 ) 
5 -(- 12 ) 


> 

0.65 


1 

Bi 


± = 0.95 
hL 


which gives 


k 0.47 W/m.°C ( 1 

h = — Bi = 

L 0.05 m y0.95 J 


= 9.9 W/m 2 .°C 


Air 

-12°C 


*- 

-► 

-► 


Meat 

15°C 


Therefore, the convection heat transfer coefficient should be kept below this value to satisfy the constraints 
on the temperature of the steak during refrigeration. We can also meet the constraints by using a lower heat 
transfer coefficient, but doing so would extend the refrigeration time unnecessarily. 

Discussion We could avoid the uncertainty associated with the reading of the charts and obtain a more 
accurate result by using the one-term solution relation for an infinite plane wall, but it would require a trial 
and error approach since the Bi number is not known. 
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Review Problems 


4-110 Two large steel plates are stuck together because of the freezing of the water between the two plates. 
Hot air is blown over the exposed surface of the plate on the top to melt the ice. The length of time the hot 
air should be blown is to be determined. 

Assumptions 1 Heat conduction in the plates is one-dimensional since the plate is large relative to its 
thickness and there is thermal symmetry about the center plane. 3 The thermal properties of the steel plates 
are constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is t > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The thermal properties of steel plates are given to be k = 43 W/m.°C and a = 1.17x10 ' nr/s 
Analysis The characteristic length of the plates and the Biot number are 


L c = 


Bi = 


V 

A 

hL 


= L = 0.02 m 


(40 W/m\ o C)(0.02 m) 


Hot gases 
T 0 0 = 50°C 


= 0.019 < 0.1 


k (43 W/m.°C) 

Since Bi < 0.1 , the lumped system analysis is applicable. Therefore, 
hA, h 40 W/m 2 .°C 


w v 


b — 


pc V pc L c (3.675 xio 6 J/m 3 .°C)(0.02 m) 


- 0.000544 s 


-l 


m-p 


T: —T 


co =e -bt 


0-50 -(0.000544 s' 1 )! 

' c 


oo 


where pc p = — = 


a 


-15-50 

43 W/m.°C 
1.17xl0~ 5 m 2 /s 


->t = 482 s = 8.0 min 


Steel plates 
ri = -15°C 


= 3.675xl0 6 J/m 3 .°C 


Alternative solution: This problem can also be solved using the transient chart Fig. 4- 15a, 
1 1 

— = 52.6 

at 


Bi 


0.019 

0-50 


T,-T„ -15-50 


= 52.6 
= 0.769 


CO 


n - 


= 15 >0.2 


r: 


Then, 


t = 


zr ; 


a 


(15)(0.02 m) 2 
(1.17xl0 -5 m 2 /s) 


= 513 s 


The difference is due to the reading error of the chart. 
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4-111 A curing kiln is heated by injecting steam into it and raising its inner surface temperature to a 
specified value. It is to be determined whether the temperature at the outer surfaces of the kiln changes 
during the curing period. 

Assumptions 1 The temperature in the wall is affected by the thermal conditions at inner surfaces only and 
the convection heat transfer coefficient inside is very large. Therefore, the wall can be considered to be a 
semi-infinite medium with a specified surface temperature of 45 °C. 2 The thermal properties of the 
concrete wall are constant. 

Properties The thermal properties of the concrete wall are given to be k = 0.9 W/m.°C and a = 0.23xl0' 5 
m 2 /s. 


Analysis We determine the temperature at a depth of x = 
0.3 m in 2.5 h using the analytical solution, 


T(xA)~T i 

Ts-T t 






J 


Substituting, 


T(x,t)-6 

42-6 


= erfc 


2 


7(0.23x10 


-5 


0.3 m 

m 2 /s)(2.5 h x 3600 s/h) y 


= erfc(\. 043) = 0.1402 


T(x,t) = 11.0 °C 


Kiln wall 


42°C 



which is greater than the initial temperature of 6°C. Therefore, heat will propagate through the 0.3 m thick 
wall in 2.5 h, and thus it may be desirable to insulate the outer surface of the wall to save energy. 


4-112 The water pipes are buried in the ground to prevent freezing. The minimum burial depth at a 
particular location is to be determined. 


Assumptions 1 The temperature in the soil is affected by the thermal conditions at one surface only, and 
thus the soil can be considered to be a semi-infinite medium with a specified surface temperature of -10°C. 
2 The thermal properties of the soil are constant. 


Properties The thermal properties of the soil are given 
to be k = 0.7 W/m.°C and a = 1.4xl0' 5 m 2 /s. 


Analysis The depth at which the temperature drops 
to 0°C in 75 days is determined using the analytical 
solution, 


T{xA)~T i 

Ts-T t 






J 


Substituting and using Table 4-4, we obtain 


r s =-io°c 



Water pipe 





0-15 


-10-15 



v 


1.4x10 5 m 2 /s)(75dayx24h/dayx3600s/h) J 


» x = 7.05 m 


Therefore, the pipes must be buried at a depth of at least 7.05 m. 
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4-113 A hot dog is to be cooked by dropping it into boiling water. The time of cooking is to be determined. 

Assumptions 1 Heat conduction in the hot dog is two-dimensional, and thus the temperature varies in both 
the axial x- and the radial r- directions. 2 The thermal properties of the hot dog are constant. 4 The heat 
transfer coefficient is constant and uniform over the entire surface. 5 The Fourier number is t > 0.2 so that 
the one-term approximate solutions (or the transient temperature charts) are applicable (this assumption 
will be verified). 

Properties The thermal properties of the hot dog are given to be k = 0.76 W/m.°C, p = 980 kg/m 3 , c p = 3.9 
kJ/kg.°C, and a = 2x1 O' 7 m 2 /s. 

Analysis This hot dog can physically be formed by the intersection of an infinite plane wall of thickness 
2L = 12 cm, and a long cylinder of radius r G = D/ 2 = 1 cm. The Biot numbers and corresponding constants 
are first determined to be 


Bi = 


hL 

k 


(600 W/m 2 .°C)(0.06 m) 
(0.76 W/m.°C) 


47.37 =1.5380 and 4=1.2726 


k 


(600 W/m 2 .°C)(0.01 m) 
(0.76 W/m.°C) 


= 7.895 > Aj = 2.1249 and 4=1.5514 


2 

Noting that r = at / L and assuming t > 0.2 in all dimensions and thus the one-term approximate solution 
for transient heat conduction is applicable, the product solution for this problem can be written as 

0(0,0, t) block = wall cyl = ^l e ^ ^ j 


80-100 

5-100 


r 

(1.2726) exp 

r~ (1 .53 80) 2 (2xl0 7| 


(0.06) 2 j 


Water 

100°G: : 


r 

(1.5514) exp 

(2.1249) 2 (2xl ° 

> = 0.2105 

2 cm Hot dog T { = 5°C 


(0.01) 2 



< 


which gives 

t = 244 s = 4.1 min 


Therefore, it will take about 4.1 min for the hot dog to cook. Note that 



(2xl(T 7 m 2 /s)(244 s) 
(0.01m) 2 


= 0.49 >0.2 


and thus the assumption t > 0.2 for the applicability of the one-term approximate solution is verified. 

Discussion This problem could also be solved by treating the hot dog as an infinite cylinder since heat 
transfer through the end surfaces will have little effect on the mid section temperature because of the large 
distance. 
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4-114 A long roll of large 1-Mn manganese steel plate is to be quenched in an oil bath at a specified rate. 
The temperature of the sheet metal after quenching and the rate at which heat needs to be removed from the 
oil in order to keep its temperature constant are to be determined. 

Assumptions 1 The thermal properties of the steel plate are constant. 2 The heat transfer coefficient is 
constant and uniform over the entire surface. 3 The Biot number is Bi < 0. 1 so that the lumped system 
analysis is applicable (this assumption will be checked). 

Properties The properties of the steel plate are k = 60.5 W/m.°C, p = 7854 kg/m 3 , and c p = 434 J/kg.°C 
(Table A-3). 


Analysis The characteristic length of the steel 
plate and the Biot number are 

L r = = L - 0.0025 m 

A s 

_ hL ^ _ (860 W/m 2 .°C)(0.0025m) 
60.5 W/m.°C 


Steel plate 
15 m/m in 



Oil bath 
45°C 



Since Bi < 0.1 , the lumped system analysis is applicable. Therefore, 


hA s h 
PCpV pc p L c 


860 W/m 2 .°C 

(7854 kg/m 3 )(434 J/kg.°C)(0.0025 m) 


= 0.10092 s' 1 


length 

time = — — 

velocity 


9m 

1 5 m/m in 


= 0.6 min = 36 s 


Then the temperature of the sheet metal when it leaves the oil bath is determined to be 


m-T„ bt 

T-T 

- 1 i J oo 


. HQ -45 _ g -(0. 1 0092 s' 1 )(36 s) 

820-45 


>T(t) = 65.5°C 


The mass flow rate of the sheet metal through the oil bath is 

m = pO = pwtV - (7854 kg/m 3 )(2 m)(0. 005 m)(15 m/min) = 1 178kg/min 

Then the rate of heat transfer from the sheet metal to the oil bath and thus the rate at which heat needs to be 
removed from the oil in order to keep its temperature constant at 45 °C becomes 

Q = rhc p [T(t)-T ao ] = (1178 kg/min)(434 J/kg.°C)(65.5-45)°C = 1.048 xlO 7 J/min = 175kW 
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4-1 15E A stuffed turkey is cooked in an oven. The average heat transfer coefficient at the surface of the 
turkey, the temperature of the skin of the turkey in the oven and the total amount of heat transferred to the 
turkey in the oven are to be determined. 

Assumptions 1 The turkey is a homogeneous spherical object. 2 Heat conduction in the turkey is one- 
dimensional because of symmetry about the midpoint. 3 The thermal properties of the turkey are constant. 
4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier number is x > 
0.2 so that the one-term approximate solutions are applicable (this assumption will be verified). 

Properties The properties of the turkey are given to be k = 0.26 Btu/h.ft.°F, p = 75 lbm/ft 3 , c p = 0.98 
Btu/lbm.°F, and a = 0.0035 ft 2 /h. 

Analysis (a) Assuming the turkey to be spherical in shape, its radius is 
determined to be 


m = pV 


V = -nrl 
3 


w 

*{/=—= 


14 lbm 


= 0.1867 ft 3 


->r a =3 



4 n 


- 3 


3(0.1867 ft 3 ) 


4k 


= 0.3545 ft 



The Fourier number is 


r = 


at 


(3.5xlO~ 3 ft 2 /h)(5 h) 
(0.3545 ft) 2 


= 0.1392 


Oven 

7T = 325°F 


which is close to 0.2 but a little below it. Therefore, assuming the one-term approximate solution for 
transient heat conduction to be applicable, the one-term solution formulation at one-third the radius from 
the center of the turkey can be expressed as 


t) S ph 


T(x, t)-T m 


I, -r. 


= A x e 


00 


-Vr sin (V/Q 
K r >r 0 


185-325 = Q 491 = A e _V(0.i4) ^(0-333^) 
40-325 ' 1 0.333^ 


By trial and error, it is determined from Table 4-2 that the equation above is satisfied when Bi = 20 
corresponding to A x = 2.9857 and A x - 1.9781 . Then the heat transfer coefficient can be determined 

from 


hr n 
Bi = — — 


r kBi (0.26 Btu/h.ft.°F)(20) /uxi2nr 

±h = = = 1 4.7 Btu/h.ft 2 ,°F 


k r 0 (0.3545 ft) 

( b ) The temperature at the surface of the turkey is 

TV^O-325 _ ^ sHisJrJ . (1 , 781)e -< 2 .* 7 rt ..™ sin(2.9857) , 

40-325 K r 0 /r 0 2.9857 

>T(r 0 ,t) = 317°F 


(c) The maximum possible heat transfer is 

2max =mc p (T x -T t ) =(141bm)(0.98Btu/lbm.°F)(325-40)°F = 3910Btu 

Then the actual amount of heat transfer becomes 

g =1 _ 3 ,_ sm(T,)-T 1 eos(T 1 ) =1 _ sm(2.9857)- (2.9857) cos(2.9857) =ag2g 


Q 


o,sph 


max 


A, 


(2.9857) 


Q = 0.828 g max = (0.828)(3910 Btu) = 3240 Btu 


Discussion The temperature of the outer parts of the turkey will be greater than that of the inner parts when 
the turkey is taken out of the oven. Then heat will continue to be transferred from the outer parts of the 
turkey to the inner as a result of temperature difference. Therefore, after 5 minutes, the thermometer 
reading will probably be more than 185°F. 
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4-116 The trunks of some dry oak trees are exposed to hot gases. The time for the ignition of the trunks is 
to be determined. 


Assumptions 1 Heat conduction in the trunks is one-dimensional since it is long and it has thermal 
symmetry about the center line. 2 The thermal properties of the trunks are constant. 3 The heat transfer 
coefficient is constant and uniform over the entire surface. 4 The Fourier number is x > 0.2 so that the one- 
term approximate solutions (or the transient temperature charts) are applicable (this assumption will be 
verified). 

Properties The properties of the trunks are given to be k = 0. 17 W/m.°C and a = 1.28x10" m /s. 


Analysis We treat the trunks of the trees as an infinite 
cylinder since heat transfer is primarily in the radial 
direction. Then the Biot number becomes 


hr 0 (65 W/m 2 .°C)(0.1 m) 
k ~ (0.17 W/m.°C) 


38.24 


The constants A l and A l corresponding to this Biot 
number are, from Table 4-2, 

= 2.3420 and ^=1.5989 
The Fourier number is 

at (1.28 x!0~ 7 m 2 /s)(4hx3600s/h) 

r o (0.1m) 2 


Tree 

Hot T { = 30°C 



which is slightly below 0.2 but close to it. Therefore, assuming the one-term approximate solution for 
transient heat conduction to be applicable, the temperature at the surface of the trees in 4 h becomes 

0(r o ,t) cyl = nr °^r Tx = A < e ~ Z ' rj o ( V / r o ) 

* i ^oo 


T(r 0 ,t)~ 520 
30-520 


(1.5989)e~ (2 ' 3420)2<0 ' 184) (0.0332) = 0.01935 


>T{r 0 ,t) = 511 °C > 410°C 


Therefore, the trees will ignite. (Note: J 0 is read from Table 4-3). 


4-117 A spherical watermelon that is cut into two equal parts is put into a freezer. The time it will take for 
the center of the exposed cut surface to cool from 25 to 3°C is to be determined. 

Assumptions 1 The temperature of the exposed surfaces of the watermelon is affected by the convection 
heat transfer at those surfaces only. Therefore, the watermelon can be considered to be a semi-infinite 
medium 2 The thermal properties of the watermelon are constant. 

Properties The thermal properties of the water is closely approximated by those of water at room 
temperature, k = 0.607 W/m.°C and a = k / pc p = 0. 146x1 0" 6 m 2 /s (Table A-9). 


Analysis We use the transient chart in Fig. 4-29 in this 
case for convenience (instead of the analytic solution), 


l T{x,t)-T x _ l 3 -(-12) 
Ti~T x 25 -(-12) 




Therefore, 


(1 fk 2 

h 2 a 


(0.607 W/m,°C) 2 

(22 W/m 2 .°C) 2 (0.146 xlO" 6 m 2 /s) 



= 5214 s = 86.9 min 
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4-118 A cylindrical rod is dropped into boiling water. The thermal diffusivity and the thermal conductivity 
of the rod are to be determined. 

Assumptions 1 Heat conduction in the rod is one-dimensional since the rod is sufficiently long, and thus 
temperature varies in the radial direction only. 2 The thermal properties of the rod are constant. 

Properties The thermal properties of the rod available are given to be p = 3700 kg/m 3 and C p = 920 
J/kg.°C. 

Analysis From Fig. 4- 16b we have 


T-T 


oo 


^CO 


X 


93-100 

75-100 


= ^- = ! 


= 0.28 


— = — = 0.25 
Bi hr,. 


From Fig. 4- 16a we have 

_L- k 

Bi ~ ~ 


hr. 


= 0.25 


T -T 

x O OO 


T. -T, 


os 


75-100 

25-100 


>T = 


at 


= 0.40 


= 0.33 


Water 

100°C 





> 

2 cm Rod 

f 

Ti = 25°C 


Then the thermal diffusivity and the thermal conductivity of the material become 


a = 


a = 


^ = (040)(0-01m) 2 =2 , 22xl0 - 7m2/s 


3 min x 60 s/min 


k 


>k = ape = (2.22 xlO -7 m z /s)(3700 kg/m J )(920 J/kg.°C) = 0.756 W/m.°C 


ac 


4-119 The time it will take for the diameter of a raindrop to reduce to a certain value as it falls through 
ambient air is to be determined. 

Assumptions 1 The water temperature remains constant. 2 The thermal properties of the water are constant. 

Properties The density and heat of vaporization of the water are p = 1000 kg/m 3 and /z fg = 2490 kJ/kg 
(Table A-9). 

Analysis The initial and final masses of the raindrop are 


w, = p v i = p^TD'i = (1000 kg/m 3 ) ^(0.0025 m) 3 = 0.0000654 kg 

m f = pV f = p^wj =(1000 kg/m 3 ) ^(0.0015 m) 3 =0.0000141 kg 
whose difference is 


m = m t -m f = 0.0000654-0.0000141 = 0.0000513 kg 

The amount of heat transfer required to cause this much evaporation is 
Q = (0.00005 1 3 kg)(2490 kJ/kg) = 0. 1278 kJ 
The average heat transfer surface area and the rate of heat transfer are 

A _ 4x(r?+r}) 44(0-0025 m) 2 +(0.0015 m) 2 g 31 1;;10 -5 m 2 

"2 2 

Q = hA s {T i -T^) = (400 W/m 2 .°C)(5 .34 1 x 1 0 ~ 5 m 2 )(1 8 - 5)°C = 0.2777 J/s 


Air 

T*= 18°C 



Then the time required for the raindrop to experience this reduction in size becomes 

Q . Q 127.8 J 

— >At =4- = 

At Q 0.2771 J/s 


Q = 


= 460 s = 7.7 min 
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4-120E A plate, a long cylinder, and a sphere are exposed to cool air. The center temperature of each 
geometry is to be determined. 

Assumptions 1 Heat conduction in each geometry is one-dimensional. 2 The thermal properties of the 
bodies are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The 
Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) 
are applicable (this assumption will be verified). 

Properties The properties of bronze are given to be k = 15 Btu/h.ft.°F and a = 0.333 ft /h. 


Analysis After 5 minutes 
Plate: First the Biot number is calculated to be 

hL (7 Btu/h.ft 2 .°F)(0.5 / 12 ft) 

Bi — — — 

k (15 Btu/h.ft.°F) 

The constants T 1 and A l corresponding to this Biot number are, from Table 4-2, 




Aj =0.1387 and 4=1.0032 

The Fourier number is 

at (0.333 ft 2 /h)(5 min/60 min/h) 

t - — - = = 15.0 

L 1 (0.5 /12 ft) 2 

Then the center temperature of the plate becomes 



6 


O, WClll 


Tp ~T n 
T, -T x 


= A, 


-A, 2 t 


) T 0 - 75 
400-75 


(1.0032) e - (ol387>2(15 - 98) 


0.738 >T 0 = 315°F 


Cylinder: 

Bi = 0.01944 Tablc4 ~ 2 > A, =0.1962 and 1.0049 


0 = T ° = A x e~^ z > T ° 75 = (1 .0049)e" (0 1962)2(15 ' 98) = 0.543 > T 0 = 252°F 

o,cv/ T ._ Tx 1 400-75 ° 

Sphere: 

Bi = 0.01944 Table 4-2 > ^i =0.2405 and A, =1.0058 


0 = T ° r °° = A x e-^ T > T ° 75 = (1.0058)e" ( ° 2405)2(15 98) = 0.399 >T 0 = 205°F 

' p T t -T x 400-75 

After 10 minutes 

at (0.333 ft 2 /h)( 10 min/60 min/h) 

r = — — = = 3 1.97 > 0.2 

L 2 (0.5 / 12 ft)" 

Plate: 

Oo, W aii =Y^ = Ae-^ T >TL^ =( i.0032) e - (0 1387)2(31 - 97) = 0.542 >T 0 = 251°F 

Cylinder: 

0 Ocvl = T °- T ^ = A x e~^ T > - T ° ~ 75 = (1.0049)g~ (Q ' 1962)2(3L97) = 0.293 >T 0 =170°F 

o, cy i Tj _ T ^ 400-75 

Sphere: 

0 = T ^ T ^ = A x e~^ T > ■ T °- - ?5 = (1 . 005 8)e~ (Q ' 24Q5)2 (3 1 ~ 97) = 0.158 >T 0 =126°F 

,p T i -T^ 400-75 
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The sphere has the largest surface area through which heat is transferred per unit volume, and thus the 
highest rate of heat transfer. Consequently, the center temperature of the sphere is always the lowest. 
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4-121E A plate, a long cylinder, and a sphere are exposed to cool air. The center temperature of each 
geometry is to be determined. 

Assumptions 1 Heat conduction in each geometry is one-dimensional. 2 The thermal properties of the 
geometries are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 
The Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient temperature 
charts) are applicable (this assumption will be verified). 

Properties The properties of cast iron are given to be k = 29 Btu/h.ft.°F and a = 0.61 ft /h. 


Analysis After 5 minutes 
Plate: First the Biot number is calculated to be 

_. hL (7 Btu/h.ft 2 .°F)(0.5 / 12 ft) 

Bi — — — 

k (29 Btu/h.ft.°F) 

The constants A x and A l corresponding to this Biot number are, from Table 4-2, 


0.01006 = 0.01 




A x =0.0998 and ^ =1.0017 
The Fourier number is 

at (0.61 ft 2 /h)(5 min/60 min/h) 

L 2 (0.5/12 ft) 2 

Then the center temperature of the plate becomes 

T(\ — T 1 2 

O - _2 2L - a p -k\ T v 

'J C\ — — yii C T 


0 ,wall 


T o -75 


T -T 

± l X CC 


400-75 



Cylinder: 


Bi = 0.01 Table4 ~ 2 > ^ = 0.1412 and 4 = 1.0025 


0 = T ° = A x e~^ T > T ° 75 = (1.0025)e" ( °' 1412>2(2928) = 0.559 >T 0 =257°F 

’■ T t -T x 1 400-75 0 

Sphere: 

Bi = 0.0 1 Tablc4 ~ 2 > A, =0.1730 and 4=1.0030 



To T-S, _ £ y Tq 75 

T, -T x 1 400-75 


(1.0030)e" (0 1730,2(29 ' 28) =0.418 >T 0 = 211°F 


After 10 minutes 

at (0.61 ft 2 /h)( 10 min/60 min/h) 

r = — — = = 58.56 > 0.2 

L 2 (0.5/12 ft) 2 

Plate: 


0 


0 ,wall 


Tq Tqd 

Ti-T" 


= A,e 


-A. "r 


) T 0 -75 
400-75 


(1 .00 1 7)e _(0 - 0998)2(58 - 56) 


0.559 >T 0 =257°F 


Cylinder: 

0 Ocvl = To - T ^ = A x e-^ T > - T ° — 75 = (1 ,0025)g~ (Q ' 1412)2(58 ' 56) =0.312 >T 0 =176°F 

o, cy i Ti _ Too 1 400-75 0 

Sphere: 

0 = T °~ T Z- = a x e~^ T > —■ - ?5 = (1 .0030)e~ (Q ' 173Q)2(58 ' 56) = 0.174 >T 0 =132°F 

' p T ; -T 400-75 
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After 30 minutes 


at (0.61 ft /h)(30min/60 min/h) 
r = — — = : = 175.68 > 0.2 


V 


(0.5 /12 ft) 


Plate: 

e 


0 ,wall 


t 0 -t w 

T,-T x 


= A x e 


-Vr > T ° 75 = (1 .001 7 )g-( Q 'Q998) 2 (175-68) = 0.174 >77 = 132°F 

400-75 


Cylinder: 

@0,cyl : 


Tp 

Ti-T* 


= A x e 


~ A>2r > T ° - 5 ■ = (1 ,0025)e~ (Q - 1412)2(175 - 68) = 0.030 >T 0 = 84.8°F 

400-75 


Sphere: 

o =Taz1al = a x e~^ T > T ° - 75 = (1.0030)e~ (Q-173Q)2(175 ' 68) =0.0052 >T 0 =76.7°F 

°’ sph T i -T ao 1 400-75 0 

The sphere has the largest surface area through which heat is transferred per unit volume, and thus the 
highest rate of heat transfer. Consequently, the center temperature of the sphere is always the lowest. 
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4-122E EES Prob. 4-120E is reconsidered. The center temperature of each geometry as a function of the 
cooling time is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

2*L=1/1 2 [ft] 

2*r_o_c=1/12 [ft] “c stands for cylinder" 

2*r_o_s=1/12 [ft] “s stands for sphere" 

T_i=400 [F] 

T_infinity=75 [F] 
h=7 [Btu/h-ft A 2-F] 
time=5 [min] 

"PROPERTIES" 
k=15 [Btu/h-ft-F] 

alpha=0.61 *Convert(ft A 2/h, ft A 2/min) "[ft A 2/min]" 

"ANALYSIS" 

"For plane wall" 

Bi_w=(h*L)/k 

"From Table 4-2 corresponding to this Bi number, we read" 

lambda_1_w=0.0998 

A_1_w=1 .001 7 

tau_w=(alpha*time)/L A 2 

(T_o_w-TJnfinity)/(T_i-TJnfinity)=A_1_w*exp(-lambda_1_w A 2*tau_w) 
"For long cylinder" 

Bi_c=(h*r_o_c)/k 

"From Table 4-2 corresponding to this Bi number, we read" 

lambda_1_c=0.1412 

A_1_c= 1.0025 

tau_c=(alpha*time)/r_o_c A 2 

(T_p_c-TJnfinity)/(TJ-T_infinity)=A_1_c*exp(-lambda_1_c A 2*tau_c) 
"For sphere" 

Bi_s=(h*r_o_s)/k 

"From Table 4-2 corresponding to this Bi number, we read" 

lambda_1_s=0.1730 

A_1_s= 1.0030 

tau_s=(alpha*time)/r_o_s A 2 

(T_p_s-T_jnfinity)/(TJ-T_infinity)=A_1_s*exp(-lambda_1_s A 2*tau_s) 


time [min] 

T n .w TF1 

Tn.r [FI 

T„, [FI 

5 

318.2 

256.7 

210.7 

10 

256.7 

176.4 

131.5 

15 

210.7 

131.5 

98.52 

20 

176.4 

106.5 

84.79 

25 

150.7 

92.59 

79.08 

30 

131.6 

84.81 

76.7 

35 

117.3 

80.47 

75.71 

40 

106.6 

78.05 

75.29 

45 

98.59 

76.7 

75.12 

50 

92.62 

75.95 

75.05 

55 

88.16 

75.53 

75.02 

60 

84.83 

75.3 

75.01 
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4-123 Internal combustion engine valves are quenched in a large oil bath. The time it takes for the valve 
temperature to drop to specified temperatures and the maximum heat transfer are to be determined. 

Assumptions 1 The thermal properties of the valves are constant. 2 The heat transfer coefficient is constant 
and uniform over the entire surface. 3 Depending on the size of the oil bath, the oil bath temperature will 
increase during quenching. However, an average canstant temperature as specified in the problem will be 
used. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will 
be verified). 


Properties The thermal conductivity, density, and 
specific heat of the balls are given to be k = 48 
W/m.°C, p = 7840 kg/m 3 , and c p = 440 J/kg.°C. 

Analysis {a) The characteristic length of the 
balls and the Biot number are 


= 


Bi - 


{/ \.%(nD 2 L! 4) 1.8 D 1.8(0.008 m) 


A. 


2 tjDL 8 8 

2 


= 0.0018 m 


hL c (800 W/m .°C)(0.0018 m) 


k 


48 W/m.°C 


= 0.03 < 0.1 


Therefore, we can use lumped system analysis. Then the 
time for a final valve temperature of 400°C becomes 


Oil 

7T = 50°C 

Engine valve 
7- = 800°C 

<r 




hA s 8 h 8(800 W/m 2 . °C) 

pc p V 1.8 pc p D 1.8(7840 kg/m 3 )(440 J/kg.°C)(0.008 m) 

T(t) - T 2L = e -b‘ ,400-50 = ^-(0.1288 s'* )t > , = 5 . 9s 

T i -T^ 800-50 


0.1288s' 1 


(b) The time for a final valve temperature of 200°C is 

^(Q-^oo _ -bt v 200-50 _ -(0.1288 s' 1 )t 

Ti-T^ ~ 6 800-50 _ 6 


>t = 12.5 s 


(c) The time for a final valve temperature of 5 1°C is 

T(t)-T , ao _ bt 51-50 _ (o.i288 s' 1 )t 

T i -T cx> ~ 800-50 _ 6 


>t = 51.4 s 


(i d) The maximum amount of heat transfer from a single valve is determined from 


m = pi/ = p 


1.8 ttD a L , 3 1.8^r(0.008 m)^(0.10m) 


= (7840 kg/m ) 


= 0.0709 kg 


4 4 

Q = me p [T f -T t ] = (0.0709 kg)(440 J/kg.°C)(800 - 50)°C = 23,400 J = 23.4 kj (per valve) 
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4-124 A watermelon is placed into a lake to cool it. The heat transfer coefficient at the surface of the 
watermelon and the temperature of the outer surface of the watermelon are to be determined. 


Assumptions 1 The watermelon is a homogeneous spherical object. 2 Heat conduction in the watermelon is 
one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the watermelon are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The properties of the watermelon are given to be k = 0.618 W/m.°C, a = 0. 15x10" m /s, p = 

995 kg/m 3 and c p = 4.18 kJ/kg.°C. 


Analysis The Fourier number is 

at (0.15x 10 -6 m 2 /s)[(4x60 + 40 min) x 60 s/min] o 

'U vJ • 2^ ^ 2 

r; (0.10 m) 2 

which is greater than 0.2. Then the one-term solution can be 
written in the form 



= A e Wr > 2^15 = Q 25 = (0.252) 

7) -7^ 35-15 



It is determined from Table 4-2 by trial and error that this equation is satisfied when Bi =10, which 
corresponds to A l = 2.8363 and A l = 1.9249 . Then the heat transfer coefficient can be determined from 


Si. 1 "’ 


_^ t = M = ( 0 . 618 W/m.°CX 10 ) =618w/mZ . c 
k r (0.10 m) 


The temperature at the surface of the watermelon is 

^(f? ’ L ) sph 

T(r 0 ,t)- 15 


f) = T(r 0 ,t)-T x = A sin U x r a ! r a ) = 0 , 14 ^ -(2.8363) 2 (0.252) sin(2, 8363 rad) 

SDh T t -T x 1 l x r 0 !r 0 ' 2.8363 


35-15 


= 0.0269 > T(r a , t ) = 15.5 °C 
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4-125 Large food slabs are cooled in a refrigeration room. Center temperatures are to be determined for 
different foods. 

Assumptions 1 Heat conduction in the slabs is one-dimensional since the slab is large relative to its 
thickness and there is thermal symmetry about the center plane. 3 The thermal properties of the slabs are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

/T 

Properties The properties of foods are given to be k = 0.233 W/m.°C and a = 0.1 1x10" ^ m /s for margarine, 
k = 0.082 W/m.°C and a = O.lOxlO’ 6 m 2 /s for white cake, and k = 0.106 W/m.°C and a = 0.12xl0" 6 m 2 /s 
for chocolate cake. 

Analysis ( a ) In the case of margarine, the Biot number is 

D . hL _ (25 W/m 2 .°C)(0.05 m) 
k (0.233 W/m.°C) 

The constants A l and A l corresponding to this Biot 
number are, from Table 4-2, 

= 1.3269 and ^=1.2431 


Air 

7T = 0°C 


Margarine, T x = 30°C 


The Fourier number is 


r at (0.11xlQ- 6 m 2 /s)(6hx3600s/h) Q ^ ? Q2 
L 2 ' 


(0.05 m) 2 

Therefore, the one-term approximate solution (or the transient temperature charts) is applicable. Then the 
temperature at the center of the box if the box contains margarine becomes 

T(0,t)-T o 


0(0*0 wall 

r(o,o-o 


= A x e~ A ' r = (1.2431)6? 


T-T 

± l ± co 


-(l-3269) z (0.9504) 


= 0.233 >r(0,0 = 7.0°C 


30-0 

( b ) Repeating the calculations for white cake, 
m= hL = (25 W/m 2 .°C)(0.05 m) = 


k 


(0.082 W/m.°C) 


T = 


at (O.lOxlO -6 m 2 /s)(6 h x 3600 s/h) 


L 


(0.05 m) 


■>^=1.4641 and ^ =1.2661 


= 0.864 > 0.2 


* i -*oo 

= 0. 199 > T( 0, t) = 6.0 °C 

30-0 


(c) Repeating the calculations for chocolate cake, 


Bi = 


hL (25 W/m 2 .°C)(0.05 m) 


k 


(0.106 W/m.°C) 


= 11.79 > A x =1.4409 and A 1 


at (0.12xl0 -6 m 2 /s)(6 h x 3600 s/h) 

T = — - = = 1 .0368 > 0.2 

L 2 (0.05 m) 2 


1.2634 


CU(\ a T(0,t) T ^ a 2 t (1 .4409) 2 (1 .0368) 

0(°>O wa // = A \ e =(1.2634)^ 

-* i 1 oo 

no ^-0 

— ^ = 0.147 > T( 0, t) = 4.4 °C 

30-0 
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4-126 A cold cylindrical concrete column is exposed to warm ambient air during the day. The time it will 
take for the surface temperature to rise to a specified value, the amounts of heat transfer for specified 
values of center and surface temperatures are to be determined. 


Assumptions 1 Heat conduction in the column is one-dimensional since it is long and it has thermal 
symmetry about the center line. 2 The thermal properties of the column are constant. 3 The heat transfer 
coefficient is constant and uniform over the entire surface. 4 The Fourier number is x > 0.2 so that the one- 
term approximate solutions (or the transient temperature charts) are applicable (this assumption will be 
verified). 


Properties The properties of concrete are given to be k = 0.79 W/m.°C, a = 
and c p = 0.84 kJ/kg.°C 

Analysis {a) The Biot number is 

B . = ^= (14W/m^C)(0.15m) = 2658 
k (0.79W/m.°C) 

The constants A x and A x corresponding to this 
Biot number are, from Table 4-2, 

A x =1.7240 and 4=1.3915 

Once the constant J 0 =0.3841 is determined from Table 4-3 
corresponding to the constant A x , the Fourier number is 
determined to be 


5.94x1 O' 7 m 2 /s, 



p = 1 600 kg/m 3 
30 cm 


Air 

28°C 


T{r 0 J)-T x 
Ti~T x ' 


= A x e 


-A\ Z t 


•A) (Vo tr o ) 


27-28 

14-28 


(1 .39 15)e " (1 7240)2 r (0.384 1) > r = 0.677 1 


which is above the value of 0.2. Therefore, the one-term approximate solution (or the transient temperature 
charts) can be used. Then the time it will take for the column surface temperature to rise to 27°C becomes 


t = 


< (0.677 1)(0. 15 m) 


a 


5.94xl(T 7 m 2 /s 


= 25,650 s = 7.1 hours 


(b) The heat transfer to the column will stop when the center temperature of column reaches to the ambient 
temperature, which is 28°C. That is, we are asked to determine the maximum heat transfer between the 
ambient air and the column. 


m = pi/ = pTU^L = (1600 kg/m 3 ) [;r(0.1 5 m) 2 (4 m)] = 452.4 kg 
0max = mc p [T„ ~T j ] = (452.4 kg)(0.84 kJ/kg.°C)(28 - 14)°C = 5320 kj 


(c) To determine the amount of heat transfer until the surface temperature reaches to 27°C, we first 
determine 


T -T 

± l J co 


= (1.3915)e" <1 ' 7240)2(0 - 6771) = 0.1860 


Once the constant J\ = 0.5787 is determined from Table 4-3 corresponding to the constant A x 


of heat transfer becomes 


Q 


Q 


= 1-2 


v ^ max j 


cyl 


7q 

v ~T rX) p 


J i(A) 

A, 


1-2x0. 1860x 


0.5787 

1.7240 


Q = 0875g max 

Q = 0.875(5320 kJ) = 4660 kj 


0.875 


the amount 
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4-127 Long aluminum wires are extruded and exposed to atmospheric air. The time it will take for the wire 
to cool, the distance the wire travels, and the rate of heat transfer from the wire are to be determined. 


Assumptions 1 Heat conduction in the wires is one-dimensional in the radial direction. 2 The thermal 
properties of the aluminum are constant. 3 The heat transfer coefficient is constant and uniform over the 
entire surface. 4 The Biot number is Bi < 0. 1 so that the lumped system analysis is applicable (this 
assumption will be verified). 


Properties The properties of aluminum are given to be k 
kJ/kg.°C, and a = 9.75x1 O' 5 m 2 /s. 


Analysis (a) The characteristic length of 
the wire and the Biot number are 


L = 


l / 


m 'o L 


A„ 2nr,X 


o 

2 


0.0015 m 


= 0.00075 m 


hL c 
Bi= c 


k 


(35 W/m 2 .°C)(0. 00075 m) 
236 W/m.°C 


= 0.00011 < 0.1 


236 W/m.°C, p = 2702 kg/m 3 , c p = 0.896 


7 


Air 

30°C 


7 350°C 

■ I, «•* .7^ 

■,? . * L. - " Br 


5- .V- • < u 

p. .. ■« 



10 m/min 

I — 


Aluminum wire 


Since Bi < 0.1, the lumped system analysis is applicable. Then, 

, hA h 35 W/m 2 .°C 

pc y pc L c (2702 kg/m 3 )(896J/kg.°C)(0.00075m) 


= 0.0193 s' 1 


nt)-T„ = e _ bt 

T t -T x 


) 50-30 _ ^-(0. 0193s" 1 )? 
350-30 


>t = 144s 


(b) The wire travels a distance of 

velocity = length = (10/60 m/s)( 144 s) = 24 m 

time 


This distance can be reduced by cooling the wire in a water or oil bath. 

(c) The mass flow rate of the extruded wire through the air is 

m = pO - = (2702 kg/m 3 );r(0.00 15 m) 2 (10 m/min) = 0.191 kg/min 

Then the rate of heat transfer from the wire to the air becomes 

Q = m Cp [T(t)-T^] = (0.191 kg/min )(0.896 kJ/kg.°C)(350-50)°C = 51.3 kJ/min =856 W 
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4-128 Long copper wires are extruded and exposed to atmospheric air. The time it will take for the wire to 
cool, the distance the wire travels, and the rate of heat transfer from the wire are to be determined. 

Assumptions 1 Heat conduction in the wires is one-dimensional in the radial direction. 2 The thermal 
properties of the copper are constant. 3 The heat transfer coefficient is constant and uniform over the entire 
surface. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption 
will be verified). 

Properties The properties of copper are given to be k = 386 W/m.°C, p = 8950 kg/m 3 , c p = 0.383 kJ/kg.°C, 
and a = 1.13x1 0“ 4 m 2 /s. 


Analysis {a) The characteristic length of the 
wire and the Biot number are 


L c = 


Bi = 


V 


2 T 

TIT a L 


2m* L 


s 

hL 


o 

~2 

2 o 


0.0015 m 


= 0.00075 m 


- : 35o°c 

ir - . ■ ■ 


Air 

30°C 


(35 W/m .°C)(0. 00075 m) 


= 0.000068 <0.1 


k 386 W/m.°C 

Since Bi < 0.1 the lumped system analysis is applicable. Then. 

, hA, h 35 W/m 2 .°C 

b = 



10 m/min 
— >► 


Copper wire 




PCpV pc p L c 
m-T a 


T. - T . 


00 =e~ ht 


(8950 kg/m 3 )(383 J/kg.°C)(0.00075 m) 

— > t = 204 s 


= 0.0136 s 


-l 


oo 


^ 50-30 _ ^-(0.0136 s' 1 )/ 
350-30 


(b) The wire travels a distance of 

length 


velocity = 


time 


> length = 


10 m/min 
60 s/min 


(204 s) = 34 m 


This distance can be reduced by cooling the wire in a water or oil bath, 
(c) The mass flow rate of the extruded wire through the air is 

m = pi/ = p(m^)V = (8950 kg/m 3 )m(0. 00 15 m) 2 (10 m/min) = 
Then the rate of heat transfer from the wire to the air becomes 

Q = mc p [7X0 -T^\ = (0.633 kg/min)(0.383 kJ/kg.°C)(350 - 50) 


0.633 kg/min 

°C = 72.7 kJ/min =1212 W 
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4-129 A brick house made of brick that was initially cold is exposed to warm atmospheric air at the outer 
surfaces. The time it will take for the temperature of the inner surfaces of the house to start changing is to 
be determined. 


Assumptions 1 The temperature in the wall is affected by the thermal conditions at outer surfaces only, and 
thus the wall can be considered to be a semi-infinite medium with a specified outer surface temperature of 
18°C. 2 The thermal properties of the brick wall are constant. 

Properties The thermal properties of the brick are given to be k = 0.72 W/m.°C and a = 0.45x10' m /s. 


Analysis The exact analytical solution to this problem is 
T{xA)-T l 


T -T 

± S ± l 


= erfc 


r \ 
x 


\yCU j 


Substituting, 

5.1-5 

15-5 


= 0.01 = erfc 


0.3 m 


27(0.45 x 1(T 6 m 2 /s)t 


Noting from Table 4-4 that 0.01 = erfc(1.8215), the time is 
determined to be 


0.3 m 


2 a /(0.45 x 10“ 6 m 2 /s)f 


Wall 


15°C 


0 


30 cm 


T x = 5°C 


x 


= 1.8215 > t = 15,070s = 251 min 
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4-130 A thick wall is exposed to cold outside air. The wall temperatures at distances 15, 30, and 40 cm 
from the outer surface at the end of 2-hour cooling period are to be determined. 

Assumptions 1 The temperature in the wall is affected by the thermal conditions at outer surfaces only. 
Therefore, the wall can be considered to be a semi-infinite medium 2 The thermal properties of the wall are 
constant. 

Properties The thermal properties of the brick are given to 
be k= 0.72 W/m.°C an 

Analysis For a 15 cm di 
have 

hyfa (20W/m 2 .°O 
k 

X 

ij — — 

2 a /(1.6x10' 6 
T 3) 

1 — - = 0.25 > T = 12.8°C 

18 -(-3) 

For a 30 cm distance from the outer surface, from Fig. 4-29 we have 

hja _ (20 W/m 2 .°C) 
k 

X 

TJ = 

2^/(1 .6 x 10" 6 
T - (-3) 

1 ^—2 = 0.038 > T = 17.2°C 

18- (-3) 

For a 40 cm distance from the outer surface, that is for the inner surface, from Fig. 4-29 we have 

hja _ (20 W/m 2 .°C) 
k 

X 

7 = — 

2 a /(1-6x10" 6 

T-(- 3) 

1 2_T = 0 >r = 18.0°C 

18 -(-3) 

Discussion This last result shows that the semi-infinite medium assumption is a valid one. 



(1.6x 10" 6 m 2 /s)(2x3600 s) 


= 2.98 


= 1.40 


T - T 

± l ± oo 


m 2 /s)(2x 3600s) 
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4-131 The engine block of a car is allowed to cool in atmospheric air. The temperatures at the center of the 
top surface and at the corner after a specified period of cooling are to be determined. 

Assumptions 1 Heat conduction in the block is three-dimensional, and thus the temperature varies in all 
three directions. 2 The thermal properties of the block are constant. 3 The heat transfer coefficient is 
constant and uniform over the entire surface. 4 The Fourier number is x > 0.2 so that the one-term 
approximate solutions (or the transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal properties of cast iron are given to be k = 52 W/m.°C and a = 1.7x10“" m /s. 

Analysis This rectangular block can physically be formed by the intersection of two infinite plane walls of 
thickness 2 L = 40 cm (call planes A and B) and an infinite plane wall of thickness 2 L = 80 cm (call plane 
C). We measure x from the center of the block. 


(a) The Biot number is calculated for each of the plane wall to be 

hL (6 W/m 2 .°C)(0.2 m) 


Bi A - Bi E - 


k 


(52 W/m.°C) 


= 0.0231 


Bi c = — = (6 W/fli 2 •°C)(0.4 m) _ Q Q462 
k (52 W/m.°C) 

The constants and A l corresponding to these 
Biot numbers are, from Table 4-2, 

^i(A,B) = 0-150 and ^i( A ,b) =1.0038 
>^i(C) — 0.212 and A^q = 1.0076 


Air 

17°C 



The Fourier numbers are 


at 

'“7 


(1.70x10 5 m ? /s)(45minx60s/min) 

1 « 1 ■ / j ^ U 

(0.2 m) 2 


at _ (1.70x10 5 m 2 /s)(45 minx60s/min) _ 

T c — — — — — 0.2869 > 0.2 

L 2 (0.4 m) 2 

The center of the top surface of the block (whose sides are 80 cm and 40 cm) is at the center of the plane 
wall with 2 L = 80 cm, at the center of the plane wall with 2 L = 40 cm, and at the surface of the plane wall 
with 2 L = 40 cm. The dimensionless temperatures are 

0o,waii ( A) =y^= =(1.0038) e - (0150)2(U475) =0.9782 

* i ^oo 

0(L,t) wan (B) = T(yX,t ^~ Tx =A x e^ lz cos (J^L/L) = (1.0038)e _(0150)2(L1475) cos(0.150) = 0.9672 
T j T„ 


0 


o,wall(C) 


I°Zl*L = Al e-& =(1.0076) e - (0 - 212)2(0 - 2869) 

^ i ~ 


0.9947 


Then the center temperature of the top surface of the cylinder becomes 


r(z,o,o,o-^ 


T-T 

± l 1 OD 


short 

cylinder 


r(z,o,o,o-i7 

150-17 


0(^,0 wail (B) x ^o, wall (A) x ^o,waii(C) - 0.9672x0.9782x0.9947 - 0.9411 
0.941 1 >T(L, 0,0,0 = 142.2°C 
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(b) The corner of the block is at the surface of each plane wall. The dimensionless temperature for the 
surface of the plane walls with 2 L = 40 cm is determined in part ( a ). The dimensionless temperature for the 
surface of the plane wall with 2L = 80 cm is determined from 

0(L,t) waii(c) = T{ - X,t ^~ Tx =A x e^ T cos(i 1 Z/Z) = (1.0076)e _(0 - 212)2(0 ' 2869) cos(0.212) = 0.9724 

T i ~ ^co 


Then the comer temperature of the block becomes 
T(L,L,L,t)-T„ 


T; -T, 


CO 


short 

cylinder 


= 0(40 wall, c x^(40waii,B x^Owaiu =0.9724x0.9672x0.9672 = 0.9097 


T(L,L,L,t)-ll 

150-17 


0.9097 > T(L , L, L, t) = 138.0°C 


4-132 A man is found dead in a room. The time passed since his death is to be estimated. 

Assumptions 1 Heat conduction in the body is two-dimensional, and thus the temperature varies in both 
radial r- and x- directions. 2 The thermal properties of the body are constant. 3 The heat transfer coefficient 
is constant and uniform over the entire surface. 4 The human body is modeled as a cylinder. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 

Properties The thermal properties of body are given to be k = 0.62 W/m.°C and a = 0.15x10’ m /s. 
Analysis A short cylinder can be formed by the intersection of a long cylinder of radius D/2 = 14 cm and a 
plane wall of thickness 2 L= 180 cm. We measure x from the midplane. The temperature of the body is 
specified at a point that is at the center of the plane wall but at the surface of the cylinder. The Biot 
numbers and the corresponding constants are first determined to be 


^ z wall 


hi (9 W/m 2 .°C)(0.90 m) 


k (0.62 W/m.°C) 
>4=1 .4495 and 4=1.2644 


= 13.06 


hr n 

5/ C yl = ° 


(9 W/m 2 .°C)(0. 14 m) 


Air 

16°C 


k (0.62 W/m.°C) 

>A 1 = 1.6052 and 4=1.3408 


= 2.03 


2 2 

Noting that r = at / L for the plane wall and r - at / r G for 

cylinder and Jo(l-6052)=0. 4524 from Table 4-3, and assuming 
that t > 0.2 in all dimensions so that the one-term approximate 
solution for transient heat conduction is applicable, the product 
solution method can be written for this problem as 

m r 0 > 0 block = 0 wall #( r 0 9 0 cyl 

23-16 


36-16 
0.40 = 


= (A ie - 2 ' T 


A x e 



x <, 


(1.2644) exp 


(1.3408) exp 


1 J 0 (*i r/r o) 

j 

2 (o.i5xio~ 6 y 


-(1.4495) 


(0.90) 


2 (0,15xl0~ 6 y 

( 0 . 1 4) 2 


-(1.6052) 


Human body 
T t = 36°C 


(0.4524) 


2L=1 80 cm 


> t = 32,404 s = 9.0 hours 
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4-133 An exothermic process occurs uniformly throughout a sphere. The variation of temperature with 
time is to be obtained. The steady-state temperature of the sphere and the time needed for the sphere to 
reach the average of its initial and final (steady) temperatures are to be determined. 

Assumptions 1 The sphere may be approximated as a lumped system. 2 The thermal properties of the 
sphere are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 

Properties The properties of sphere are given to be k= 300 W/m-K, c p = 400 J/kg-K, p= 7500 kg/m . 
Analysis ( a ) First, we check the applicability of lumped system as follows: 


L c = 


Bi = 


V 


ttD 5 / 6 D 0.10m 


A 

hL 


surface TlD b 6 


= 0.0167 m 


(250 W/m 2 .°C)(0.0167 m) 


= 0.014 <0.1 


k 300 W/m.°C 

Since Bi <0.1, the lumped system analysis is applicable. An 
energy balance on the system may be written to give 

dT 



Liquid 

K Too 


e gQn V = hA(T -T^ + mc 


dt 


e gQn ( ttD 3 / 6) = hnD 1 (7 - ) + p(nD 3 / 6) 


dT_ 

dt 


(1.2 x 10 6 M0. 10) 3 /6 - (250M0. 10) 2 (7 - 20) + (7500)|>(0. 10) 3 /6](400) 


dT_ 

dt 


20,000 - 2507 7 - 5000 + 50,000 


dT_ 

dt 


dT_ 

dt 


= 0.5-0.005 T 


(b) Now, we use integration to get the variation of sphere temperature with time 

dT 


dt 


= 0.5-0.005 T 


dT 


1 


0.5 - 0.0057 

~\T 


= dt 


T 


I 


dT 


20 


0.5-0.005T 




= dt 


0.005 


ln(0.5 - 0.005T) 


In 


-1 20 

r 0.5-0.0057 N 
0.5-0.005x20 


= t] 0 =t 


= -0.005^ 


0.0057 = 0.5 -OAe 


- 0 . 005 1 


0.5-0.0057 -o.oo5; 

-> = e 


0.4 

7 = 100- 80e 


- 0 . 005 ; 


We obtain the steady-state temperature by setting time to infinity: 


7 = 100 -80e 


- 0 . 005 ; 


= 100-e =100°C 


7JT 

or — = 0 > 0.5 - 0.0057 = 0 > 7 = 100°C 

dt 

(c) The time needed for the sphere to reach the average of its initial and final (steady) temperatures is 
determined from 

r = ioo-80<r 0005 ' 

= 100- 8o e -° 005 ' > t = 1 39 s 

2 
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4-134 Large steel plates are quenched in an oil reservoir. The quench time is to be determined. 

Assumptions 1 The thermal properties of the plates are constant. 2 The heat transfer coefficient is constant 
and uniform over the entire surface. 

_ o 

Properties The properties of steel plates are given to be k = 45 W/m-K, p= 7800 kg/m , and c p = 470 
J/kg-K. 

Analysis For sphere, the characteristic length and the Biot number are 


L„ = 


Bi = 


V 


A 


surface 


L_ 

2 


0.01m 


= 0.005 m 


hL c (400 W/m 2 ,°C)(0.005 m) 


k 


45 W/m.°C 


= 0.044 <0.1 


z 

t 

> 

L = l cm 


Since Bi <0.1, the lumped system analysis is applicable. Then the cooling time is determined from 


b = 


hA 


h 


400 W/m 2 . °C 


/ oc p V pc p L c 

m-r a 


= 0.02182 s 


-1 


T: -T, 


CO = e -bt 


CO 


(7800 kg/m" )(470 J/kg.°C)(0.005 m) 

^200-30 = e -(0.02i82s-V >t = % s = 1>6min 

600-30 


4-135 Aluminum wires leaving the extruder at a specified rate are cooled in air. The necessary length of the 
wire is to be determined. 


Assumptions 1 The thermal properties of the geometry are constant. 2 The heat transfer coefficient is 
constant and uniform over the entire surface. 


Properties The properties of aluminum are k = 237 W/m°C, p = 2702 kg/m 3 , and c p = 0.903 kJ/kg-°C 
(Table A-3). 

Analysis For a long cylinder, the characteristic length and the Biot number are 


L„ = 


Bi = 


V 


A 


surface 


(. ttD 2 / 4)L 
7rDL 


D 

~4 


0.003 m 


= 0.00075 m 


hL c (50 W/m 2 ,°C)(0.00075 m) 


k 


237 W/m.°C 


= 0.00016< 0.1 


I D = 2 cm 


Ti= 100 °C 


Since Bi <0.1, the lumped system analysis is applicable. Then the cooling time is determined from 


hA 


h 


b ~ 

PpV P C p L c 

m-r 0 


50 W/m.C 


= 0.02732 s 


-l 


T: -T, 


CO = e ~bt 


CO 


(2702 kg/m" )(903 J/kg.°C)(0.00075 m) 

> = e -(° 02732s4 )' > t = 93.9 s 

350-25 


Then the necessary length of the wire in the cooling section is determined to be 

_ , t (93.9/ 60) min n ,__ 

Length = — = = 0.1 57 m 

V lOm/min 
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Fundamentals of Engineering (FE) Exam Problems 


4-136 Copper balls (p = 8933 kg/m 3 , k = 401 W/m°C, c p = 385 J/kg-°C, a = 1.166xl0~ 4 m 2 /s) initially at 
200°C are allowed to cool in air at 30°C for a period of 2 minutes. If the balls have a diameter of 2 cm and 
the heat transfer coefficient is 80 W/nr-°C, the center temperature of the balls at the end of cooling is 

(a) 104°C (b) 87°C (c) 198°C (d) 126°C (e) 152°C 


Answer (a) 104°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.02 [m] 

Cp=385 [J/kg-K] 
rho= 8933 [kg/m A 3] 
k=401 [W/m-K] 

V=pi*D A 3/6 
A=pi*D A 2 
m=rho*V 
h=80 [W/m A 2-C] 

Ti=200 [C] 

Tinf=30 [C] 
b=h*A/(rho*V*Cp) 
time=2*60 [s] 

Bi=h*(V/A)/k 

"Lumped system analysis is applicable. Applying the lumped system analysis equation:" 
(T-Tinf)/(Ti-Tinf)=exp(-b*time) 

“Some Wrong Solutions with Common Mistakes:” 

(W1_T-0)/(Ti-0)=exp(-b*time) “Tint is ignored” 

(-W2_T+Tinf)/(Ti-Tinf)=exp(-b*time) “Sign error” 

(W3_T-Ti)/(Tinf-Ti)=exp(-b*time) “Switching Ti and Tint” 
(W4_T-Tinf)/(Ti-Tinf)=exp(-b*time/60) “Using minutes instead of seconds” 
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4-137 A 10-cm-inner diameter, 30-cm long can filled with water initially at 25°C is put into a household 
refrigerator at 3°C. The heat transfer coefficient on the surface of the can is 14 W/irf-°C. Assuming that the 
temperature of the water remains uniform during the cooling process, the time it takes for the water 
temperature to drop to 5°C is 

(a) 0.55 h (b) 1.17 h (c) 2.09 h (d) 3.60 h (e) 4.97 h 

Answer (e) 4.97 h 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=0.1 0 [m] 

L=0.30 [m] 

T i=25 [C] 

T_infinity=3 [C] 

T_f=5 [C] 
h=14 [W/m A 2-C] 

A_s=pi*D*L 
V=pi*D A 2/4*L 
rho=1000 [kg/m A 3] 
c_p=41 80 [J/kg-C] 
b=(h*A_s)/(rho*c_p*V) 

(T_f-T_i nf inity)/(T_i -TJ nf i n ity)=exp(-b*t) 
t_hour=t*Convert(s, h) 


4-138 An 18-cm-long, 16-cm-wide, and 12-cm-high hot iron block {p = 7870 kg/m 3 , c p = 447 J/kg-°C) 
initially at 20°C is placed in an oven for heat treatment. The heat transfer coefficient on the surface of the 
block is 100 W/nT-°C. If it is required that the temperature of the block rises to 750°C in a 25-min period, 
the oven must be maintained at 

(a) 750°C (b) 830°C (c) 875°C (d) 910°C (e) 1000°C 

Answer (d) 910°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

Length=0.18 [m] 

Width=0.16 [m] 

Height=0.12 [m] 
rho=7870 [kg/m A 3] 
c_p=447 [J/kg-C] 

T_i=20 [C] 

T_f=750 [C] 
h=100 [W/m A 2-C] 
t=25*60 [s] 

A_s=2*Length*Width+2*Length*Height+2*Width*Height 

V=Length*Width*Height 

b=(h*A_s)/(rho*c_p*V) 

(T_f-T_i nf i ni ty)/(T_i -T_i nf i n ity)=exp(-b*t) 
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4-139 A small chicken ( k = 0.45 W/m-°C, a = 0.1 5x1 O' 6 m 2 /s) can be approximated as an 1 1.25-cm- 
diameter solid sphere. The chicken is initially at a uniform temperature of 8°C and is to be cooked in an 
oven maintained at 220°C with a heat transfer coefficient of 80 W/nT-°C. With this idealization, the 
temperature at the center of the chicken after a 90-min period is 

(a) 25°C (b)61°C (c) 89°C (d) 122°C (e) 168°C 


Answer (e) 168°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


k=0.45 [W/m-C] 
alpha=0.15E-6 [m A 2/s] 

D=0.1 1 25 [m] 

T_i=8 [C] 

T_infinity=220 [C] 
h=80 [W/m A 2-C] 
t=90*60 [s] 

r_0=D/2 

Bi=(h*r_0)/k "The coefficients lambda_1 and A_1 corresponding to the calculated Bi number of 10 

are obtained from Table 4-2 of the text as" 

lambda_1 =2.8363 

A_1= 1.9249 

tau=(alpha*t)/r_0 A 2 

(T_0-T_infinity)/(T_i-TJnfinity)=A_1 *exp(-lambda_1 A 2*tau) 

"Some Wrong Solutions with Common Mistakes" 

lambda_1a=1.4289 

A_1 a=1 .2620 

(W1_T_0-TJnfinity)/(T_i-TJnfinity)=A_1a*exp(-lambda_1a A 2*tau) "Using coefficients for plane 
wall in Table 4-2" 
lambda_1b=2.1795 
A_1b= 1.5677 

(W2_T_0-TJnfinity)/(T_i-TJnfinity)=A_1b*exp(-lambda_1b A 2*tau) "Using coefficients for cylinder 
in Table 4-2" 
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6 2 

4-140 In a production facility, large plates made of stainless steel (A: =15 W/m°C, a = 3.91x10" m /s) of 
40 cm thickness are taken out of an oven at a uniform temperature of 750°C. The plates are placed in a 
water bath that is kept at a constant temperature of 20°C with a heat transfer coefficient of 600 W/m -°C. 
The time it takes for the surface temperature of the plates to drop to 100°C is 

(a) 0.28 h (b) 0.99 h (c) 2.05 h (d) 3.55 h (e) 5.33 h 


Answer (b) 0.99 h 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


k=15 [W/m-C] 
alpha=3.91 E-6 [m A 2/s] 

2*L=0.4 [m] 

T_i=750 [C] 

T_jnfinity=20 [C] 
h=600 [W/m A 2-C] 

T_s=1 00 [C] 

Bi=(h*L)/k "The coefficients lambda_1 and A_1 corresponding to the calculated Bi number of 8 

are obtained from Table 4-2 of the text as" 

lambda_1 =1.3978 

A_1= 1.2570 

tau=(alpha*t)/L A 2 

(T_s-T_infinity)/(TJ-TJnfinity)=A_1 *exp(-lambda_1 A 2*tau)*cos(lambda_1 ) 

"Some Wrong Solutions with Common Mistakes" 
tau_1 =(alpha*W1_t)/L A 2 

(T_s-T_infinity)/(T_i-TJnfinity)=A_1*exp(-lambda_1 A 2*tau_1) "Using the relation for center 
temperature" 
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4-141 A long 18-cm-diameter bar made of hardwood (k = 0.159 W/m-°C, a = 1.75x10’ m /s) is exposed to 
air at 30°C with a heat transfer coefficient of 8.83 W/rrT-°C. If the center temperature of the bar is measured 
to be 15°C after a period of 3 -hours, the initial temperature of the bar is 

(a) 11.9°C (b)4.9°C (c) 1.7°C (d) 0°C (e) -9.2°C 


Answer (b) 4.9°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.1 8 [m] 
k=0.159 [W/m-C] 
alpha=1 .75E-7 [m A 2/s] 

T_infinity=30 [C] 
h=8.83 [W/m A 2-C] 

T_0=1 5 [C] 
t=3*3600 [s] 

r_0=D/2 

Bi=(h*r_0)/k "The coefficients lambda_1 and A_1 corresponding to the calculated Bi = 5 are 

obtained from Table 4-2 of the text as" 

lambda_1 =1.9898 

A_1= 1.5029 

tau=(alpha*t)/r_0 A 2 

(T_0-T_intinity)/(T i-T infinity)=A_1 *exp(-lambda_1 A 2*tau) 

"Some Wrong Solutions with Common Mistakes" 

lambda_1a=1.3138 

A_1a= 1.2403 

(T_0-T_infinity)/(W1_T_i-TJnfinity)=A_1a*exp(-lambda_1a A 2*tau) "Using coefficients for plane 
wall in Table 4-2" 
lambda_1b=2.5704 
A_1b= 1.7870 

(T_0-T_infinity)/(W2_T_i-TJnfinity)=A_1b*exp(-lambda_1b A 2*tau) "Using coefficients for sphere 
in Table 4-2" 
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4-142 A potato may be approximated as a 5.7-cm-diameter solid sphere with the properties p = 910 kg/m , 
c p = 4.25 kJ/kg*°C, k= 0.68 W/m-°C, and a = 1.76xl0" 7 m 2 /s. Twelve such potatoes initially at 25°C are to 
be cooked by placing them in an oven maintained at 250°C with a heat transfer coefficient of 95 W/m °C. 
The amount of heat transfer to the potatoes during a 30-min period is 

(a) 77 kJ (b) 483 kJ (c) 927 kJ (d) 970kJ (e)1012kJ 


Answer (c) 927 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.057 [m] 
rho=910 [kg/m A 3] 
c_p=4250 [J/kg-C] 
k=0.68 [W/m-C] 
alpha=1.76E-7 [m A 2/s] 
n=12 

T_i=25 [C] 

T_infinity=250 [C] 
h=95 [W/m A 2-C] 
t=30*60 [s] 

r_0=D/2 

Bi=(h*r_0)/k "The coefficients lambda_1 and A_1 corresponding to the calculated Bi = 4 are 

obtained from Table 4-2 of the text as" 

lambdaj =2.4556 

A_1 =1.7202 

tau=(alpha*t)/r_0 A 2 

Theta_0=A_1 *exp(-lambda_1 A 2*tau) 

V=pi*D A 3/6 

Q_max=n*rho*V*c_p*(T_infinity-T_i) 

Q=Q_max*(1 -3*Theta_0*(sin(lambda_1 )-lambda_1 *cos(lambda_1 ))/lambda_1 A 3) 

"Some Wrong Solutions with Common Mistakes" 

W1_Q=Q_max "Using Q_max as the result" 

W2_Q=Q_max*(1-Theta_0*(sin(lambda_1))/lambda_1) "Using the relation for plane wall" 
W2_Q_max=rho*V*c_p*(TJnfinity-T_i) 

W3_Q=W2_Q_max*(1 -3*Theta_0*(sin(lambda_1 )-lambda_1 *cos(lambda_1 ))/lambda_1 A 3) "Not 
multiplying with the number of potatoes" 
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4-143 A potato that may be approximated as a 5.7-cm-diameter solid sphere with the properties p = 910 
kg/m 3 , c p = 4.25 kJ/kg-°C, k= 0.68 W/m °C, and a = 1.76xl0' 7 m 2 /s. Twelve such potatoes initially at 25°C 
are to be cooked by placing them in an oven maintained at 250°C with a heat transfer coefficient of 95 
W/m -°C. The amount of heat transfer to the potatoes by the time the center temperature reaches 100°C is 

(a) 56 kJ (b) 666 kJ (c) 838 kJ (d) 940 kJ (e) 1088 kJ 

Answer (b) 666 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=0.057 [m] 
rho=910 [kg/m A 3] 
c_p=4250 [J/kg-C] 
k=0.68 [W/m-C] 
alpha=1 .76E-7 [m A 2/s] 
n=12 

T_i=25 [C] 

TJnfinity=250 [C] 
h=95 [W/m A 2-C] 

T_0=1 00 [C] 
r_0=D/2 

Bi=(h*r_0)/k "The coefficients lambda_1 and A_1 corresponding to the calculated Bi = 4 are obtained from 
Table 4-2 of the text as" 
lambda_1 =2.4556 
A_1 =1.7202 

Theta_0=(T_0-TJnfinity)/(TJ-TJnfinity) 

V=pi*D A 3/6 

Q_max=n*rho*V*c_p*(TJnfinity-T_i) 

Q=Q_max*(1 -3*Theta_0*(sin(lambda_1 )-lambda_1 *cos(lambda_1 ))/lambda_1 A 3) 

"Some Wrong Solutions with Common Mistakes" 

W1_Q=Q_max "Using Q_max as the result" 

W2_Q=Q_max*(1-Theta_0*(sin(lambda_1))/lambda_1) "Using the relation for plane wall" 
W3_Q_max=rho*V*c_p*(T_infinity-TJ) 

W3_Q=W3_Q_max*(1 -3*Theta_0*(sin(lambda_1 )-lambda_1 *cos(lambda_1 ))/lambda_1 A 3) "Not multiplying 
with the number of potatoes" 


*79. 

4-144 A large chunk of tissue at 35°C with a thermal diffusivity of 1x10' m /s is dropped into iced water. 
The water is well-stirred so that the surface temperature of the tissue drops to 0°C at time zero and remains 
at 0°C at all times. The temperature of the tissue after 4 minutes at a depth of 1 cm is 

(a) 5°C (b) 30°C (c) 25°C (d) 20°C (e) 10°C 

Answer (a) 30°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

X=0.01 [m] 

Alpha=1 E-7 [m A 2/s] 

Ti=35 [C] 

Ts=0 [C] 
time=4*60 [s] 
a=0.5*x/sqrt(alpha*time) 
b=erfc(a) 

(T-Ti)/(Ts-Ti)=b 
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4-145 Consider a 7.6-cm-long and 3-cm-diameter cylindrical lamb meat chunk ( p = 1030 kg/m , c p = 
3.49 kJ/kg-°C, k= 0.456 W/m°C, a= 1.3xl0~ 7 m 2 /s). Such a meat chunk initially at 2°C is dropped 
into boiling water at 95°C with a heat transfer coefficient of 1200 W/m *°C. The time it takes for the 
center temperature of the meat chunk to rise to 75°C is 

(a) 136 min (b) 21.2 min (c) 13.6 min (d) 11.0 min (e) 8.5 min 


Answer (d) 11.0 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

2*L=0.076 [m] 

D=0.03 [m] 
rho=1030 [kg/m A 3] 
c_p=3490 [J/kg-C] 
k=0.456 [W/m-C] 
alpha=1 .3E-7 [m A 2/s] 

TJ=2 [C] 

T_infinity=95 [C] 
h=1200 [W/m A 2-C] 

T_0=75 [C] 

Bi_wall=(h*L)/k 

lambda_1_wall=1 .5552 "for Bi_wall = 100 from Table 4-2" 

A_1_wall=1 .2731 
r_0=D/2 

Bi_cyl=(h*r_0)/k 

lambda_1_cyl=2.3455 "for Bi_cyl = 40 from Table 4-2" 

A 1_cyl=1 .5993 

tau_wall=(alpha*t)/L A 2 

theta_wall=A_1_wall*exp(-lambda_1_wall A 2*tau_wall) 

tau_cyl=(alpha*t)/r_0 A 2 

theta_cyl=A_1_cyl*exp(-lambda_1_cyl A 2*tau_cyl) 

theta=theta_wall*theta_cyl 

theta=(T_0-TJnfinity)/(T_i-TJnfinity) 

"Some Wrong Solutions with Common Mistakes" 
tau_wall_w=(alpha*W1_t)/L A 2 

theta_wall_w=A_1_wall*exp(-lambda_1_wall A 2*tau_wall_w) 

theta_wall_w=(T_0-TJnfinity)/(TJ-T_infinity) "Considering only large plane wall solution" 
tau_cyl_w=(alpha*W2_t)/r_0 A 2 

theta_cyl_w=A_1_wall*exp(-lambda_1_wall A 2*tau_cyl_w) 

theta_cyl_w=(T_0-TJnfinity)/(T_i-TJnfinity) "Considering only long cylinder solution" 
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4-146 Consider a 7.6-cm-long and 3-cm-diameter cylindrical lamb meat chunk (p= 1030 kg/m , c p = 3.49 
kJ/kg-°C, k= 0.456 W/m*°C, a= 1.3xl0" 7 m 2 /s). Such a meat chunk initially at 2°C is dropped into boiling 
water at 95°C with a heat transfer coefficient of 1200 W/m “G. The amount of heat transfer during the first 
8 minutes of cooking is 

(a) 7 1 kJ (b) 227 kJ (c) 238 kJ (d) 269kJ (e) 307kJ 


Answer (c) 269 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

2*L=0.076 [m] 

D=0.03 [m] 
n=15 

rho=1030 [kg/m A 3] 
c_p=3490 [J/kg-C] 
k=0.456 [W/m-C] 
alphas 1 .3E-7 [m A 2/s] 

TJ=2 [C] 

T_infinity=95 [C] 
h=1200 [W/m A 2-C] 
t=8*60 [s] 

Bi_wall=(h*L)/k 

lambda_1_wall=1 .5552 "for Bi_wall = 100 from Table 4-2" 

A_1_wall=1 .2731 
fau_wall=(alpha*t)/L A 2 

theta_wall=A_1_wall*exp(-lambda_1_wall A 2*tau_wall) 

Q\Q_max_wall=1-theta_wall*sin(lambda_1_wall)/lambda_1_wall 

r_0=D/2 

Bi_cyl=(h*r_0)/k 

lambda_1_cyl=2.3455 "for Bi_cyl = 40 from Table 4-2" 

A 1_cyl=1 .5993 

fau_cyl=(alpha*t)/r_0 A 2 

theta_cyl=A_1_cyl*exp(-lambda_1_cyl A 2*tau_cyl) 

J_1 =0.5309 "For xi = lambda_a_cyl = 2.3455 from Table 4-2" 

Q\Q_max_cyl=1 -2*thefa_cyl*J_1 /lambda_1_cyl 
V=pi*D A 2/4*(2*L) 

Q_max=n*rho*V*c_p*(T_infinity-T_i) 

Q\Q_max=Q\Q_max_wall+Q\Q_max_cyl*(1 -Q\Q_max_wall) 

Q=Q_max*Q\Q_max 

"Some Wrong Solutions with Common Mistakes" 

W1_Q=Q_max "Using Q_max as the result" 

W2_Q=Q_max*Q\Q_max_wall "Considering large plane wall only" 

W3_Q=Q_max*Q\Q_max_cyl "Considering long cylinder only" 
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4-147 Carbon steel balls (p = 7830 kg/m 3 , k = 64 W/m°C, c p = 434 J/kg-°C) initially at 150°C are 
quenched in an oil bath at 20°C for a period of 3 minutes. If the balls have a diameter of 5 cm and the 
convection heat transfer coefficient is 450 W/m -°C, the center temperature of the balls after quenching 
will be (Hint: Check the Biot number). 

(a) 27.4°C (b) 143°C (c) 12.7°C (d) 48.2°C (e) 76.9°C 


Answer (a) 27.4°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=0.05 [m] 

Cp=434 [J/kg-K] 
rho= 7830 [kg/m A 3] 
k=64 [W/m-K] 

V=pi*D A 3/6 
A=pi*D A 2 
m=rho*V 
h=450 [W/m A 2-C] 

Ti=1 50 [C] 

Tinf=20 [C] 
b=h*A/(rho*V*Cp) 
time=3*60 [s] 

Bi=h*(V/A)/k 

"Applying the lumped system analysis equation:" 

(T-Tinf)/(Ti-Tinf)=exp(-b*time) 

“Some Wrong Solutions with Common Mistakes:” 

(W1_T-0)/(Ti-0)=exp(-b*time) “Tint is ignored” 

(-W2_T+Tinf)/(Ti-Tinf)=exp(-b*time) “Sign error” 

(W3_T-Ti)/(Tinf-Ti)=exp(-b*time) “Switching Ti and Tint” 

(W4_T-Tinf)/(Ti-Tinf)=exp(-b*time/60) “Using minutes instead of seconds” 
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7-148 A 6-cm-diameter 13-cm-high canned drink (p = 977 kg/m 3 , £=0.607 W/m °C, c p = 4180 J/kg-°C) 
initially at 25°C is to be cooled to 5°C by dropping it into iced water at 0°C. Total surface area and volume 
of the drink are A s = 301.6 cm 2 and (/ 367.6 cm 3 . If the heat transfer coefficient is 120 W/m 2 -°C, 
determine how long it will take for the drink to cool to 5°C. Assume the can is agitated in water and thus 
the temperature of the drink changes uniformly with time. 

(a) 1.5 min (b) 8.7 min (c) 11.1 min (d) 26.6 min (e) 6.7 min 


Answer (c) 11.1 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.06 [m] 

L=0.1 3 [m] 

Cp=41 80 [J/kg-K] 
rho= 977 [kg/m A 3] 
k=0.607 [W/m-K] 

V=pi*L*D A 2/4 

A=2*pi*D A 2/4+pi*D*L 

m=rho*V 

h=1 20 [W/m A 2-C] 

Ti=25 [C] 

Tinf=0 [C] 

T=5 [C] 

b=h*A/(rho*V*Cp) 

"Lumped system analysis is applicable. Applying the lumped system analysis equation:" 

(T -Tinf)/(Ti-Tinf)=exp(-b*time) 

t_min=time/60 

"Some Wrong Solutions with Common Mistakes:" 

(T-0)/(Ti-0)=exp(-b*W1_time); W1_t=W1_time/60 "Tint is ignored" 
(T-Tinf)/(Ti-Tinf)=exp(-b*W2_time); W2_t=W2_ti me/60 "Sign error" 
(T-Ti)/(Tinf-Ti)=exp(-b*W3_time); W3_t=W3_ti me/60 "Switching Ti and Tint" 
(T-Tinf)/(Ti-Tinf)=exp(-b*W4_time) "Using seconds instead of minutes" 


4-149 Lumped system analysis of transient heat conduction situations is valid when the Biot number is 
(a) very small (b) approximately one (c) very large 

(d) any real number (e) cannot say unless the Fourier number is also known. 

Answer (a) very small 
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4-150 Polyvinylchloride automotive body panels (k = 0.092 W/m-K, c p = 1.05 kJ/kg-K, p= 1714 kg/m 3 ), 3- 
mm thick, emerge from an injection molder at 120°C. They need to be cooled to 40°C by exposing both 
sides of the panels to 20°C air before they can be handled. If the convective heat transfer coefficient is 30 
W/m K and radiation is not considered, the time that the panels must be exposed to air before they can be 
handled is 

(a) 1.6 min (b) 2.4 min (c) 2.8 min (d) 3.5 min (e) 4.2 min 

Answer (b) 2.4 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=40 [C] 

Ti=1 20 [C] 

Ta=20 [C] 
r= 1 7 1 4 [kg/m A 3] 
k=0.092 [W/m-K] 
c=1050 [J/kg-K] 
h=30 [W/m A 2-K] 

L=0.003 [m] 

Lc=L/2 

b=h/(r*c*Lc) 

(T-Ta)/(Ti-Ta)=exp(-b*time) 


4-151 A steel casting cools to 90 percent of the original temperature difference in 30 min in still air. The 
time it takes to cool this same casting to 90 percent of the original temperature difference in a moving air 
stream whose convective heat transfer coefficient is 5 times that of still air is 

(a) 3 min (b) 6 min (c) 9 min (d) 12 min (e) 15 min 

Answer (b) 6 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

tl =30 [min] 
per=0.9 
a=ln(per)/t1 
t2=ln(per)/(5*a) 


4-152 The Biot number can be thought of as the ratio of 

(a) the conduction thermal resistance to the convective thermal resistance 

(b) the convective thermal resistance to the conduction thermal resistance 

(c) the thermal energy storage capacity to the conduction thermal resistance 

(d) the thermal energy storage capacity to the convection thermal resistance 

(e) None of the above 
Answer (a) 
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4-153 When water, as in a pond or lake, is heated by warm air above it, it remains stable, does not move, 
and forms a warm layer of water on top of a cold layer. Consider a deep lake (k = 0.6 W/m-K, c p = 4. 179 
kJ/kg-K) that is initially at a uniform temperature of 2°C and has its surface temperature suddenly increased 
to 20°C by a spring weather front. The temperature of the water 1 m below the surface 400 hours after this 
change is 

(a) 2.1°C (b) 4.2°C (c) 6.3°C (d) 8.4°C (e) 10.2°C 

Answer (b) 4.2°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


k=0.6 [W/m-C] 
c=41 79 [J/kg-C] 
rho=1000 [kg/m A 3] 

T_i=2 [C] 

T_s=20 [C] 
x=1 [m] 

time=400*3600 [s] 
alpha=k/(rho*c) 
xi=x/(2*sqrt(alpha*time)) 
(T-T_i)/(T_s-TJ)=erfc(xi) 


7 2 * 

4-154 The 40-cm-thick roof of a large room made of concrete ( k = 0.79 W/m°C, a = 5.88x10’ m /s) is 
initially at a uniform temperature of 15°C. After a heavy snow storm, the outer surface of the roof remains 
covered with snow at -5°C. The roof temperature at 18.2 cm distance from the outer surface after a period 
of 2 hours is 

(a) 14.0°C (b) 12.5°C (c) 7.8°C (d) 0°C (e) -5.0°C 


Answer (a) 14.0°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Thickness=0.40 [m] 
k=0.79 [W/m-C] 
alpha=5.88E-7 [m A 2/s] 
T_i=15 [C] 

T_s=-5 [C] 
x=0.1 82 [m] 
time=2*3600 [s] 
xi=x/(2*sqrt(alpha*time)) 
(T-T_i)/(T_s-T_i)=erfc(xi) 


4-155 ■■■ 4-158 Design and Essay Problems 
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Chapter 5 

NUMERICAL METHODS IN HEAT CONDUCTION 


Why Numerical Methods 

5-1C Analytical solution methods are limited to highly simplified problems in simple geometries. The 
geometry must be such that its entire surface can be described mathematically in a coordinate system by 
setting the variables equal to constants. Also, heat transfer problems can not be solved analytically if the 
thermal conditions are not sufficiently simple. For example, the consideration of the variation of thermal 
conductivity with temperature, the variation of the heat transfer coefficient over the surface, or the 
radiation heat transfer on the surfaces can make it impossible to obtain an analytical solution. Therefore, 
analytical solutions are limited to problems that are simple or can be simplified with reasonable 
approximations. 


5-2C The analytical solutions are based on (1) driving the governing differential equation by performing 
an energy balance on a differential volume element, (2) expressing the boundary conditions in the proper 
mathematical form, and (3) solving the differential equation and applying the boundary conditions to 
determine the integration constants. The numerical solution methods are based on replacing the differential 
equations by algebraic equations. In the case of the popular finite difference method, this is done by 
replacing the derivatives by differences. The analytical methods are simple and they provide solution 
functions applicable to the entire medium, but they are limited to simple problems in simple geometries. 
The numerical methods are usually more involved and the solutions are obtained at a number of points, but 
they are applicable to any geometry subjected to any kind of thermal conditions. 


5-3C The energy balance method is based on subdividing the medium into a sufficient number of volume 
elements, and then applying an energy balance on each element. The formal finite difference method is 
based on replacing derivatives by their finite difference approximations. For a specified nodal network, 
these two methods will result in the same set of equations. 


5-4C In practice, we are most likely to use a software package to solve heat transfer problems even when 
analytical solutions are available since we can do parametric studies very easily and present the results 
graphically by the press of a button. Besides, once a person is used to solving problems numerically, it is 
very difficult to go back to solving differential equations by hand. 


5-5C The experiments will most likely prove engineer B right since an approximate solution of a more 
realistic model is more accurate than the exact solution of a crude model of an actual problem. 

Finite Difference Formulation of Differential Equations 

5-6C A point at which the finite difference formulation of a problem is obtained is called a node , and all 
the nodes for a problem constitute the nodal network. The region about a node whose properties are 
represented by the property values at the nodal point is called the volume element. The distance between 
two consecutive nodes is called the nodal spacing , and a differential equation whose derivatives are 
replaced by differences is called a difference equation. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



5-2 


5-7 We consider three consecutive nodes n- 1, n , and n + 1 in a plain wall. Using Eq. 5-6, the first derivative 
of temperature dT / dx at the midpoints n - 1/2 and n + 1/2 of the sections surrounding the node n can be 
expressed as 


dT 

dx 


1 

n — 

2 


T n T n _ i 
Ax 


and 


dT 


dx 


1 

n -\ — 
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T n +\ T n 

Ax 


Noting that second derivative is simply the derivative 
of the first derivative, the second derivative of 
temperature at node n can be expressed as 
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which is the finite difference representation of the second derivative at a general internal node n. Note that 
the second derivative of temperature at a node n is expressed in terms of the temperatures at node n and its 
two neighboring nodes 


5-8 The finite difference formulation of steady two-dimensional heat conduction in a medium with heat 
generation and constant thermal conductivity is given by 


T _ OT _i_ T 

i m—\,n m,n ' ± m+l,n 

Ax 2 


T — ?T 4 - T 

J m,n-l m,n ' ± m,n+l 


'm,n 


Ay 


= 0 


in rectangular coordinates. This relation can be modified for the three-dimensional case by simply adding 
another index j to the temperature in the z direction, and another difference term for the z direction as 


T — ?T + T 

1 m—l,n,j m,n,j ' J m+l,n,j 

Ax 2 


T — ?T + T 

J m,n—\,j ^ J m,n,j ' J m,n+l,j 

V 


T — 2 T + T 

1 m,n,j - 1 m,n,j ' J m,n,j+l 

a r 


m,n,j 


= 0 
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5-9 A plane wall with variable heat generation and constant thermal conductivity is subjected to uniform 
heat flux q 0 at the left (node 0) and convection at the right boundary (node 4). Using the finite difference 

form of the 1st derivative, the finite difference formulation of the boundary nodes is to be determined. 
Assumptions 1 Heat transfer through the wall is steady since there is no indication of change with time. 2 
Heat transfer is one-dimensional since the plate is large relative to its thickness. 3 Thermal conductivity is 
constant and there is nonuniform heat generation in the medium. 4 Radiation heat transfer is negligible. 
Analysis The boundary conditions at the left and right boundaries can be expressed analytically as 


at v = 0: 


at x = L : 


dT( 0) 

— =% 
ax 

dT(L ) 

- k — — = h[T (L) - ] 

ax 


Replacing derivatives by differences using values at the 
closest nodes, the finite difference form of the 1 st 
derivative of temperature at the boundaries (nodes 0 and 
4) can be expressed as 


dT 


dx 


left, in = 0 


Ti-T 0 

Ax 


and 


dT 


dx 


right, m =4 


Ta-T, 

Ax 



Substituting, the finite difference formulation of the boundary nodes become 


at v = 0: 


at x = L : 


-k 


T\ —Tq 


Ax 
T4-T3 
Ax 


= < 1 0 


= h[T 4 -7^] 


5-10 A plane wall with variable heat generation and constant thermal conductivity is subjected to insulation 
at the left (node 0) and radiation at the right boundary (node 5). Using the finite difference form of the 1st 
derivative, the finite difference formulation of the boundary nodes is to be determined. 

Assumptions 1 Heat transfer through the wall is steady since there is no indication of change with time. 2 
Heat transfer is one-dimensional since the plate is large relative to its thickness. 3 Thermal conductivity is 
constant and there is nonuniform heat generation in the medium. 4 Convection heat transfer is negligible. 
Analysis The boundary conditions at the left and right boundaries can be expressed analytically as 



Substituting, the finite difference formulation of the boundary nodes become 

T —T 

At x = 0: -k— — = 0 or 7, = T 0 

Aac 

At x = L : -k = £(J [t* - T* rr ] 

Ax 
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One-Dimensional Steady Heat Conduction 

5-11C The finite difference form of a heat conduction problem by the energy balance method is obtained 
by subdividing the medium into a sufficient number of volume elements, and then applying an energy 
balance on each element. This is done by first selecting the nodal points (or nodes) at which the 
temperatures are to be determined, and then forming elements (or control volumes) over the nodes by 
drawing lines through the midpoints between the nodes. The properties at the node such as the temperature 
and the rate of heat generation represent the average properties of the element. The temperature is assumed 
to vary linearly between the nodes, especially when expressing heat conduction between the elements 
using Fourier’s law. 


5-12C In the energy balance formulation of the finite difference method, it is recommended that all heat 
transfer at the boundaries of the volume element be assumed to be into the volume element even for steady 
heat conduction. This is a valid recommendation even though it seems to violate the conservation of energy 
principle since the assumed direction of heat conduction at the surfaces of the volume elements has no 
effect on the formulation, and some heat conduction terms turn out to be negative. 

5-13C In the finite difference formulation of a problem, an insulated boundary is best handled by replacing 
the insulation by a mirror, and treating the node on the boundary as an interior node. Also, a thermal 
symmetry line and an insulated boundary are treated the same way in the finite difference formulation. 

5-14C A node on an insulated boundary can be treated as an interior node in the finite difference 
formulation of a plane wall by replacing the insulation on the boundary by a mirror , and considering the 
reflection of the medium as its extension. This way the node next to the boundary node appears on both 
sides of the boundary node because of symmetry, converting it into an interior node. 


5-15C In a medium in which the finite difference formulation of a general interior node is given in its 
simplest form as 


T m -\ + T rn+l 
Ax 2 


P 

_"L = 0 
k 


(a) heat transfer in this medium is steady, ( b ) it is one-dimensional, (c) there is heat generation, ( d) the 
nodal spacing is constant, and ( e ) the thermal conductivity is constant. 


5-16 A plane wall with no heat generation is subjected to specified temperature at the left (node 0) and heat 
flux at the right boundary (node 8). The finite difference formulation of the boundary nodes and the finite 
difference formulation for the rate of heat transfer at the left boundary are to be determined. 


Assumptions 1 Heat transfer through the wall is given to be steady, and the thermal conductivity to be 
constant. 2 Heat transfer is one-dimensional since the plate is large relative to its thickness. 3 There is no 
heat generation in the medium. 


Analysis Using the energy balance approach and taking the 
direction of all heat transfers to be towards the node under 
consideration, the finite difference formulations become 

Left boundary node: T 0 = 30 
Right boundary node: 

kA Tl — r - + q 0 A = 0 or ^-+1200 = 0 

Av Ar 


Heat transfer at left surface: 


Q left surface ^A 


Ti-Tq 

Ax 


= 0 
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5-17 A plane wall with variable heat generation and constant thermal conductivity is subjected to uniform 
heat flux q 0 at the left (node 0) and convection at the right boundary (node 4). The finite difference 

formulation of the boundary nodes is to be determined. 


Assumptions 1 Heat transfer through the wall is given to be 
steady, and the thermal conductivity to be constant. 2 Heat transfer 
is one-dimensional since the plate is large relative to its thickness. 
3 Radiation heat transfer is negligible. 

Analysis Using the energy balance approach and taking the 
direction of all heat transfers to be towards the node under 
consideration, the finite difference formulations become 


Left boundary node: q 0 A + kA 


T\ ~T 0 
Ax 


e 0 (AAx/ 2) = 0 


qo 


e(x) 


Ax 


h, T 0 


0 


2 


3 4 


Right boundary node: kA 


T* -T a 


Ax 


hA(T w -T A ) + e A (AAa / 2) = 0 


5-18 A plane wall with variable heat generation and constant thermal conductivity is subjected to insulation 
at the left (node 0) and radiation at the right boundary (node 5). The finite difference formulation of the 
boundary nodes is to be determined. 


Assumptions 1 Heat transfer through the wall is 
given to be steady and one-dimensional, and the 
thermal conductivity to be constant. 2 Convection 
heat transfer is negligible. 

Analysis Using the energy balance approach and taking the 
direction of all heat transfers to be towards the node under 
consideration, the finite difference formulations become 


Insulated 


e(x) 



Left boundary node: 


Right boundary node: 


kA 


~ T 0 


Ax 


e 0 (AAx/ 2) = 0 


saMT^-T^ + kA 


T4-T5 

Ax 


e 5 (AAx / 2) = 0 


4 5 


Radiation 


T 
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5-19 A plane wall with variable heat generation and constant thermal conductivity is subjected to combined 
convection, radiation, and heat flux at the left (node 0) and specified temperature at the right boundary 
(node 5). The finite difference formulation of the left boundary node (node 0) and the finite difference 
formulation for the rate of heat transfer at the right boundary (node 5) are to be determined. 


Assumptions 1 Heat transfer through the wall 
is given to be steady and one-dimensional. 2 
The thermal conductivity is given to be 
constant. 

Analysis Using the energy balance approach and 
taking the direction of all heat transfers to be 
towards the node under consideration, the finite 
difference formulations become 

Left boundary node (all temperatures are in K): 

eoA(T s l n - r () 4 ) + hA(T x -T 0 ) + kA + q 0 A + e 0 

Ax 



Heat transfer at right surface: 


bright surface + M ~ ± ^ ± + * 5 (AAX 1 2) = 0 


5-20 A composite plane wall consists of two layers A and B in perfect contact at the interface where node 1 
is. The wall is insulated at the left (node 0) and subjected to radiation at the right boundary (node 2). The 
complete finite difference formulation of this problem is to be obtained. 


Assumptions 1 Heat transfer through the wall is given to be steady and one-dimensional, and the thermal 
conductivity to be constant. 2 Convection heat transfer is negligible. 3 There is no heat generation. 


Analysis Using the energy balance approach and 
taking the direction of all heat transfers to be 
towards the node under consideration, the finite 
difference formulations become 

T —T 

Node 0 (at left boundary): k A A — — = 0 — » 7j = T 0 

Ax 

Node 1 (at the interface): k A A — x - + k B A — - = 0 

Av Av 

T —T 

Node 2 (at right boundary): £oA(T 4 un . -T 4 ) + k B A — 

Av 
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5-21 A plane wall with variable heat generation and variable thermal conductivity is subjected to specified 
heat flux g 0 and convection at the left boundary (node 0) and radiation at the right boundary (node 5). The 

complete finite difference formulation of this problem is to be obtained. 

Assumptions 1 Heat transfer through the wall is 
given to be steady and one-dimensional, and the 
thermal conductivity and heat generation to be 
variable. 2 Convection heat transfer at the right 
surface is negligible. 

Analysis Using the energy balance approach and 
taking the direction of all heat transfers to be 
towards the node under consideration, the finite 
difference formulations become 

Node 0 (at left boundary): 

T —T 

q 0 A + hA(T x -T q ) + k 0 A— + e 0 (A Ax / 2) = 0 

Av 

p -j j — p 

Node 1 (at the mid plane): k x A — + k x A — + e x (A Av) = 0 

Ax Ax 

T —T 

Node 2 (at right boundary): £oA(T s 4 mr -T 2 ) + k 2 A — — + e 2 (A Ax / 2) = 0 

Av 


5-22 A pin fin with negligible heat transfer from its tip is considered. The complete finite difference 
formulation for the determination of nodal temperatures is to be obtained. 

Assumptions 1 Heat transfer through the pin fin is given to be steady and one-dimensional, and the thermal 
conductivity to be constant. 2 Convection heat transfer coefficient is constant and uniform. 3 Radiation 
heat transfer is negligible. 4 Heat loss from the fin tip is given to be negligible. 

Analysis The nodal network consists of 3 nodes, and the base 
temperature T 0 at node 0 is specified. Therefore, there are two 
unknowns T\ and T 2 , and we need two equations to determine 
them. Using the energy balance approach and taking the 
direction of all heat transfers to be towards the node under 
consideration, the finite difference formulations become 

Node 1 (at midpoint): kA — + kA — + hpAxiT ^ - 7j ) = 0 

Av Av 

T —T 

Node 2 (at fin tip): kA— - — + h(pAx/ 2)(T O0 — T 2 ) = 0 

Av 

where A - nD / 4 is the cross-sectional area and p — kD is the perimeter of the fin. 




PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



5-8 


5-23 A pin fin with negligible heat transfer from its tip is considered. The complete finite difference 
formulation for the determination of nodal temperatures is to be obtained. 


Assumptions 1 Heat transfer through the pin fin is given to be steady 
and one-dimensional, and the thermal conductivity to be constant. 2 
Convection heat transfer coefficient is constant and uniform. 3 Heat 
loss from the fin tip is given to be negligible. 

Analysis The nodal network consists of 3 nodes, and the base 
temperature T 0 at node 0 is specified. Therefore, there are two 
unknowns T\ and r 2 , and we need two equations to determine them. 
Using the energy balance approach and taking the direction of all heat 
transfers to be towards the node under consideration, the finite 
difference formulations become 


h, ^ 

T 0 1 

Convectio 

Ax 


k 

0 1 

i . 

r 9 2* 

" 1 

Radiation 

T 

J SUIT 


Node 1 (at midpoint): 


kA 


T 0 ~T, 

Ax 


kA 


Ax 


h(pAx)(T„ -TO + £cr( P Ax)\(T surY + 273) 4 ~(T { + 273) 4 =0 


Node 2 (at fin tip): 


kA 


h - T_ 

Ax 

,2 


KpAx! 2 )(T m - T 2 ) + scrip Ax / 2 ) ( r surr + 273 ) 4 ~(T 2 + 273 ) 


-0 


where A = ttD / 4 is the cross-sectional area and p - nD is the perimeter of the fin. 
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5-24 A uranium plate is subjected to insulation on one side and convection on the other. The finite 
difference formulation of this problem is to be obtained, and the nodal temperatures under steady 
conditions are to be determined. 


5-9 


Assumptions 1 Heat transfer through the wall is steady since there is no indication of change with time. 2 
Heat transfer is one-dimensional since the plate is large relative to its thickness. 3 Thermal conductivity is 
constant. 4 Radiation heat transfer is negligible. 

Properties The thermal conductivity is given to be k = 28 W/m-°C. 

Analysis The number of nodes is specified to be M = 6. Then the nodal spacing Ax becomes 


Ax = 


L 


M - 1 


0.05 m 
6-1 


= 0.01m 


This problem involves 6 unknown nodal temperatures, and thus we need to have 6 equations to determine 
them uniquely. Node 0 is on insulated boundary, and thus we can treat it as an interior note by using the 
mirror image concept. Nodes 1, 2, 3, and 4 are interior nodes, and thus for them we can use the general 
finite difference relation expressed as 


T m - 1 - 2T m + T m + 1 


Ax' 



for m = 0, 1, 2, 3, and 4 


Finally, the finite difference equation for node 5 on the right surface subjected to convection is obtained by 
applying an energy balance on the half volume element about node 5 and taking the direction of all heat 
transfers to be towards the node under consideration: 


Node 0 (Left surface - insulated) : 
Node 1 (interior) : 

Node 2 (interior) : 

Node 3 (interior) : 

Node 4 (interior) : 


7j-2r 0 +7j , * 


Ax 2 

i 

T o ~2T X +T 2 

e 

% 

to 

- 

k 

Ti -2T 2 +T 3 

e 

Ax 2 

k 

T 2 ~2T 3 +T a 

e 

Ax 2 

k 

T 3 -2T 4 +T 5 

e 

X. 


t~ = 0 


Ax 


Node 5 (right surface - convection) : h(T rxi -T 5 ) + k 


t 4 -t 5 

Ax 



h, T 0 


+ e(Ax! 2) = 0 


where Ax = 0.01 m, e = 6x 10 5 W/m 3 , k = 28 W/m-°C, h = 60 W/m 2 -°C, and r oo =30°C. This system of 
6 equations with six unknown temperatures constitute the finite difference formulation of the problem. 

( b ) The 6 nodal temperatures under steady conditions are determined by solving the 6 equations above 
simultaneously with an equation solver to be 

T 0 = 556.8°C, T { = 555.7°C, T 2 = 552.5°C, T 3 = 547.1°C, T 4 = 539.6°C, and T 5 = 530.0°C 

Discussion This problem can be solved analytically by solving the differential equation as described in 
Chap. 2, and the analytical (exact) solution can be used to check the accuracy of the numerical solution 
above. 
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5-25 A long triangular fin attached to a surface is considered. The nodal temperatures, the rate of heat 
transfer, and the fin efficiency are to be determined numerically using 6 equally spaced nodes. 

Assumptions 1 Heat transfer along the fin is given to be steady, and the temperature along the fin to vary in 
the v direction only so that T = T(x). 2 Thermal conductivity is constant. 


Properties The thermal conductivity is given to be k = 180 W/m-°C. The emissivity of the fin surface is 
0.9. 


Analysis The fin length is given to be L = 5 cm, and the number of nodes is specified to be M = 6. 
Therefore, the nodal spacing Ax: is 


Ax: = 


L 


M -l 


0.05 m 
6-1 


= 0.01m 


The temperature at node 0 is given to be Tq = 200°C, and the temperatures at the remaining 5 nodes are to 
be determined. Therefore, we need to have 5 equations to determine them uniquely. Nodes 1, 2, 3, and 4 
are interior nodes, and the finite difference formulation for a general interior node m is obtained by 
applying an energy balance on the volume element of this node. Noting that heat transfer is steady and 
there is no heat generation in the fin and assuming heat transfer to be into the medium from all sides, the 
energy balance can be expressed as 


^ Q - 0 -» M left 

all sides 


T —T 

m — 1 m 

Ax 


+ bright 


T —T 

— — — ^ + hA 

Ax 


conv 


(T x 


Note that heat transfer areas are different for each 
node in this case, and using geometrical relations, 
they can be expressed as 

A left = (Height x width) @ m _ x t 2 = 2 w[L - (m - 1 / 2)Ax] tan 0 
A right = (Height x width) @m+1/ 2 = 2w[L-(ra + l/2)Ax:]tan6> 
^surface = 2 x Length x width = 2w(Ax: / cos 0) 

Substituting, 


- T m ) + «TA surface [r 4 urr - (T m + 273) 4 } = 0 



2 kw[L - (m - 0.5) A*] tan 8 T "’-' T,n + 2/bv[L - (m + 0.5) Ax'] tan 8 T,n+l T,u 

Ax Ax 

+ 2 w( Ay / cos 8) { h(T x - T m ) + sa[T^ - (T m + 273) 4 ] } = 0 


Dividing each term by 2 kwL tan 6 /Ax gives 


1 - (m - 1 / 2 ) 


Ax 


L 


( T m - 1 ~ T m) + 


1 - (in + 1/2) 


Ax 

L 


C T m+ i - T m ) + - T m ) + Kurr - <T m + 273) 4 ] = 0 


kL sin 6 


kL sin 6 


Substituting, 


m — 1 : 
m = 2: 
m — 3: 
m = 4: 


1-0.5 


1-1.5 


1-2.5 


1-3.5 


Ax 

L 

Ax 

L 

Ax 

L 

Ax 

L 


(X0-T0 + 
(Ti ~t 2 ) + 
(t 2 -t 3 ) + 

(T 3 -T 4 ) + 


1-1.5 


1-2.5 


1-3.5 


1-4.5 


Ax 

L 

Ax 

L 

Ax 

L 

Ax 

L 


(T 2 - 7] ) + 


K Ax) 2 ^ , £(j{AxY r ^ 4 

/ r r 1 


kL sin# 

2 


(T^~T l ) + 


kL sin 6 


[Tsun- “ (Tj + 273) ] = 0 


(T 3 - T 2 ) + ^-(T x - T 2 ) + e Z (AX \ UL - (7) + 273) 4 ] = 0 


kL sin 0 

.2 


kLsinO 


(T 4 - T 3 ) + - r 3 ) + g 5 (A 4 [C - (Tj + 273) 4 ] = 0 


kLsinO 
>2 


kLsinO 


(T s - T 4 ) + - T 4 ) + - (T 4 + 273) 4 1 = 0 


kL sin 0 


kLsinO 


An energy balance on the 5 th node gives the 5 th equation, 

+ 2 h^-(T m -T 5 ) + 2 SC j=^-[TZ n - (T 5 + 273)’] = 0 


m = 5 ; 2k— tan0 T4 ~ Ts • ^- Ax/2 ^ ~ — Axl2 ^* ^.^ 4 - 


Ax 


cos^ 


cos 0 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



5-11 


Solving the 5 equations above simultaneously for the 5 unknown nodal temperatures gives 

T\ = 177.0°C, T 2 = 174.1°C, T 3 = 171.2°C, T 4 = 168.4°C, and T 5 = 165.5°C 

( b ) The total rate of heat transfer from the fin is simply the sum of the heat transfer from each volume 
element to the ambient, and for w = 1 m it is determined from 

5 5 5 

2 fin — ^ ' 2element,m — ^ ' ^^surface , m ^ m ~ ^oo ) ^ 


surface , m m 


l(T m +273) 4 -7 4 ] 


m- 0 


m=0 


m=0 


Noting that the heat transfer surface area is wAx / cos 0 for the boundary nodes 0 and 5, and twice as large 
for the interior nodes 1, 2, 3, and 4, we have 

Qf in = h [(T 0 -TJ + 2(7, - 7 X ) + 2(7 2 - 7 X ) + 2(7 3 - 7 X ) + 2(7 4 -7 x ) + (7 5 -7 X )] 
cost/ 

+ «r { [(To + 273) 4 - 7 s 4 uir ] + 2[(7’ 1 + 273) 4 - 7 4 UIT ] + 2[(7, + 273) 4 - 7 4 urr ] + 2[(7 3 + 273) 4 - 7 4 urr ] 
cost/ 

+ 2[(7 4 + 273) 4 - 7 s 4 n ] + [(7 5 + 273) 4 - 7 4 urr ] } 

= 537 W 
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5-26 EES Prob. 5-25 is reconsidered. The effect of the fin base temperature on the fin tip temperature and the 
rate of heat transfer from the fin is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
k=180 [W/m-C] 

L=0.05 [m] 
b=0.01 [m] 
w=1 [m] 

T_0=1 80 [C] 

T_infinity=25 [C] 
h=25 [W/m A 2-C] 

T_surr=290 [K] 

M=6 

epsilon=0.9 

tan(theta)=(0.5*b)/L 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

"ANALYSIS" 

"(a)" 

DELTAx=L/(M-1) 

"Using the finite difference method, the five equations for the temperatures at 5 nodes are 
determined to be" 

(1 -0.5*DELTAx/L)*(T_0-T_1 )+(1 -1 ,5*DELTAx/L)*(T_2- 
T_1)+(h*DELTAx A 2)/(k*L*sin(theta))*(T_infinity- 

T_1)+(epsilon*sigma*DELTAX A 2)/(k*L*sin(theta))*(T_surr A 4-(T_1+273) A 4)=0 "for mode 1" 

(1 -1 .5*DELTAx/L)*(T_1 -T_2)+(1 -2.5*DELTAx/L)*(T_3- 
T_2)+(h*DELTAx A 2)/(k*L*sin(theta))*(T_infinity- 

T_2)+(epsilon*sigma*DELTAX A 2)/(k*L*sin(theta))*(T_surr A 4-(T_2+273) A 4)=0 "for mode 2" 

(1 -2.5*DELTAx/L)*(T_2-T_3)+(1 -3.5*DELTAx/L)*(T_4- 
T_3)+(h*DELTAx A 2)/(k*L*sin(theta))*(T_infinity- 

T_3)+(epsilon*sigma*DELTAX A 2)/(k*L*sin(theta))*(T_surr A 4-(T_3+273) A 4)=0 "for mode 3" 

(1 -3.5*DELTAx/L)*(T_3-T_4)+(1 -4.5*DELTAx/L)*(T_5- 
T_4)+(h*DELTAx A 2)/(k*L*sin(theta))*(T_infinity- 

T_4)+(epsilon*sigma*DELTAX A 2)/(k*L*sin(theta))*(T_surr A 4-(T_4+273) A 4)=0 "for mode 4" 

2*k*DELTAx/2*tan(theta)*(T_4-T_5)/DELTAx+2*h*(0.5*DELTAx)/cos(theta)*(T_infinity- 
T_5)+2*epsilon*sigma*(0.5*DELTAx)/cos(theta)*(T_surr A 4-(T_5+273) A 4)=0 "for mode 5" 


T_tip=T_5 


"(b)" 

Q_dot_fin=C+D "where" 

C=h*(w*DELTAx)/cos(theta)*((T_0-TJnfinity)+2*(T_1 -T_infinity)+2*(T_2-T_infinity)+2*(T_3- 
T_infinity)+2*(T_4-T_infinity)+(T_5-T_infinity)) 

D=epsilon*sigma*(w*DELTAx)/cos(theta)*(((T_0+273) A 4-T_surr A 4)+2*((T_1+273) A 4- 

T_surr A 4)+2*((T_2+273) A 4-T_surr A 4)+2*((T_3+273) A 4-T_surr A 4)+2*((T_4+273) A 4- 

T_surr A 4)+((T_5+273) A 4-T_surr A 4)) 
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5-27 A plane wall is subjected to specified temperature on one side and convection on the other. The finite 
difference formulation of this problem is to be obtained, and the nodal temperatures under steady 
conditions as well as the rate of heat transfer through the wall are to be determined. 

Assumptions 1 Heat transfer through the wall is given to be steady and one-dimensional. 2 Thermal 
conductivity is constant. 3 There is no heat generation. 4 Radiation heat transfer is negligible. 

Properties The thermal conductivity is given to be k = 2.3 W/m-°C. 

Analysis The nodal spacing is given to be Ax=0.1 m. Then the number of nodes M becomes 


M = 


L 

Ax 


0.4 m 
0.1m 


1 = 5 


The left surface temperature is given to be T 0 = 95 °C. This problem involves 4 unknown nodal 
temperatures, and thus we need to have 4 equations to determine them uniquely. Nodes 1, 2, and 3 are 
interior nodes, and thus for them we can use the general finite difference relation expressed as 

rp ^nn | rp • 

m ~ 1 ~ " ” — + -*■ = 0 -> T m J - 2 T m + T m+l = 0 (since e = 0), for m = 0, 1 , 2, and 3 

Ax 1 k 


The finite difference equation for node 4 on the right surface 
subjected to convection is obtained by applying an energy balance 
on the half volume element about node 4 and taking the direction 
of all heat transfers to be towards the node under consideration: Tq 


e 


Node 1 (interior) : 
Node 2 (interior) : 
Node 3 (interior) : 


T 0 -27j +T 2 =0 
7j -2 T 2 + T 3 = 0 

t 2 -2 t 3 +r 4 =0 



Node 4 (right surface - convection) : h(T x 


-r 4 ) + k 


t,-t 4 

Ax 


= 0 


where Ax = 0. 1 m, k = 2.3 W/m • °C, h = 18 W/m 2 • °C, T 0 = 95°C and T r = 1 5°C. 


3 4 


h, T x 




The system of 4 equations with 4 unknown temperatures constitute 
the finite difference formulation of the problem. 

(. b ) The nodal temperatures under steady conditions are determined by solving the 4 equations above 
simultaneously with an equation solver to be 

T\ = 79.8°C, T 2 = 64.7°C, T 3 = 49.5°C, and T 4 = 34.4°C 

(c) The rate of heat transfer through the wall is simply convection heat transfer at the right surface, 

Gwaii = Gconv = ^ ~T n ) = (18 W/m 2 ,°C)(20 m 2 )(34.37 - 15)°C = 6970 W 


Discussion This problem can be solved analytically by solving the differential equation as described in 
Chap. 2, and the analytical (exact) solution can be used to check the accuracy of the numerical solution 
above. 
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5-28 A plate is subjected to specified heat flux on one side and specified temperature on the other. The 
finite difference formulation of this problem is to be obtained, and the unknown surface temperature under 
steady conditions is to be determined. 


Assumptions 1 Heat transfer through the base plate is given to be steady. 2 Heat transfer is one- 
dimensional since the plate is large relative to its thickness. 3 There is no heat generation in the plate. 4 
Radiation heat transfer is negligible. 5 The entire heat generated by the resistance heaters is transferred 
through the plate. 


Properties The thermal conductivity is given to be k = 
20 W/m-°C. 

Analysis The nodal spacing is given to be Ax=0.2 cm. 
Then the number of nodes M becomes 


Resistance 
heater, 800 W 


Base plate 


85°C 


M = 


L 

Ax 


0.6 cm 
0.2 cm 


1 = 4 


The right surface temperature is given to be T 3 =85°C. This problem 
involves 3 unknown nodal temperatures, and thus we need to have 3 
equations to determine them uniquely. Nodes 1 and 2 are interior 
nodes, and thus for them we can use the general finite difference 
relation expressed as 



2 


3 




T m -i 2T m + T m+l 


m 




~ 0 -» T m _ i - 2 T m + T m+l - 0 


(since e = 0) , for m = 1 and 2 


The finite difference equation for node 0 on the left surface subjected to uniform heat flux is obtained by 
applying an energy balance on the half volume element about node 0 and taking the direction of all heat 
transfers to be towards the node under consideration: 


T —T 

Node 0 (left surface - heat flux) : q {) +k — — = 0 

Av 

Node 1 (interior) : T 0 - 27j +T 2 = 0 

Node 2 (interior) : 7j - 2T 2 + r 3 = 0 

where Ax = 0.2cm, k = 20 W/m • °C, T 3 =85°C,and q Q = Q q / A = (800W) /(0.0160m 2 ) = 50,000 W/m 2 . 

The system of 3 equations with 3 unknown temperatures constitute the finite difference formulation of the 
problem. 

( b ) The nodal temperatures under steady conditions are determined by solving the 3 equations above 
simultaneously with an equation solver to be 

r 0 =100°C, r,=95°C, and T 2 = 90°C 

Discussion This problem can be solved analytically by solving the differential equation as described in 
Chap. 2, and the analytical (exact) solution can be used to check the accuracy of the numerical solution 
above. 
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5-29 A plane wall is subjected to specified heat flux and specified temperature on one side, and no 
conditions on the other. The finite difference formulation of this problem is to be obtained, and the 
temperature of the other side under steady conditions is to be determined. 


Assumptions 1 Heat transfer through the plate is given to be steady 
and one-dimensional. 2 There is no heat generation in the plate. 

Properties The thermal conductivity is given to be k = 2.5 W/m-°C. 

Analysis The nodal spacing is given to be Av=0.06 m. 

Then the number of nodes M becomes 

L 0.3 m 

M = — +1 = + 1 = 6 

Av 0.06 m 

Nodes 1, 2, 3, and 4 are interior nodes, and thus for them we can 
use the general finite difference relation expressed as 



1 ^ra+l , _ n ^ T 'IT < T _ n 

~"~2 + — ~ U 1 m+ 1 + J m- 1 “ u 

Ajc k 


(since e = 0) , for m = 1, 2, 3, and 4 


The finite difference equation for node 0 on the left surface is obtained by applying an energy balance on 
the half volume element about node 0 and taking the direction of all heat transfers to be towards the node 
under consideration, 


q () +k 


T y -T ( 
Ax 


= 0 


T — 60°C 

-> 350 W/m 2 + (2.5 W/m • °C) — = 0 


0.06 m 


7j = 51.6°C 


Other nodal temperatures are determined from the general interior node relation as follows: 
m = 1: T 2 = 2T x -T 0 = 2x51.6-60 = 43.2°C 

m = 2: T 3 =2T 2 -T x = 2x (43.2) -51.6 = 34.8°C 

m = 3: T 4 = 2T 3 -T 2 = 2x (34.8) -(43.2) = 26.4°C 

m = 4 : t 5 =2T 4 -T 3 =2x (26.4) - (34.8) = 18°C 


Therefore, the temperature of the other surface will be 18°C 

Discussion This problem can be solved analytically by solving the differential equation as described in 
Chap. 2, and the analytical (exact) solution can be used to check the accuracy of the numerical solution 
above. 
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5-30E A large plate lying on the ground is subjected to convection and radiation. Finite difference 
formulation is to be obtained, and the top and bottom surface temperatures under steady conditions are to 
be determined. 

Assumptions 1 Heat transfer through the plate is given to be steady and one-dimensional. 2 There is no 
heat generation in the plate and the soil. 3 Thermal contact resistance at plate- soil interface is negligible. 

Properties The thermal conductivity of the plate and 
the soil are given to be k p i ate = 7.2 Btu/h-ft-°F and j 


/c SO ii = 0.49 Btu/h-ft-°F. 


sky 


Analysis The nodal spacing is given to be Avj=l in. 
in the plate, and be Ar 2 =0.6 ft in the soil. Then the 
number of nodes becomes 


Radiation 


Convection 
h, T 0 


M = 


L 

Ax 


+ 


plate 


_L 

Ax 


+ 1 = 


5 in 3ft 


soil 


lin 0.6 ft 


+ 1 = 11 


The temperature at node 10 (bottom of thee soil) 
is given to be T\ 0 =50°F. Nodes 1, 2, 3, and 4 in 
the plate and 6, 7, 8, and 9 in the soil are interior 
nodes, and thus for them we can use the general 
finite difference relation expressed as 



Soil 


T m -i 2T m + T m+l 


m 


~ 0 T m - 1 - 2T m + T m + 1 ~ 0 


(since e = 0) 

AjT k 

The finite difference equation for node 0 on the left surface and 
node 5 at the interface are obtained by applying an energy balance 
on their respective volume elements and taking the direction of all 
heat transfers to be towards the node under consideration: 

Node 0 (top surface) : *(7^ - T 0 ) + ecr[T^ y - (T 0 + 460) 4 ] + k plate 


7 


8 


9 


10 


Axi 


= 0 


0.6 ft 


Node 1 (interior) : 
Node 2 (interior) : 
Node 3 (interior) : 
Node 4 (interior) : 

Node 5 (interface) : 

Node 6 (interior) : 
Node 7 (interior) : 
Node 8 (interior) : 
Node 9 (interior) : 


r 0 -27j+r 2 =0 
7j -2 T 2 + T 3 =0 

r 2 -2r 3 +r 4 =o 
t 3 - 2 t 4 +r 5 =o 


t 4 -t 5 


plate 


Ar, 


+ k„ 


soil 


t 6 -t 5 

Axo 


= 0 


T 5 ~ 2T 6 +T 1 =0 

r 6 - 2 r 7 +r 8 =o 

Tn -2 To +77 =0 


n 


- 2 t 9 +r 10 =o 


where A*i=l/12 ft, Ar 2 =0.6 ft, k p i ate = 7.2 Btu/h-ft-°F, ^ soi i = 0.49 Btu/h-ft-°F, h = 3.5 Btu/h-ft-F, T sky =510 
R, 8 = 0.6, T ' = 80°F , and T U) =50°F. 


This system of 10 equations with 10 unknowns constitute the finite difference formulation of the problem. 

( b ) The temperatures are determined by solving equations above to be 
T 0 = 74.71°F, T x =74.67°F, T 2 =74.62°F, T 3 =74.58°F, T 4 =74.53°F, 

T 5 = 74.48°F, T e =69.6°F, T 7 =64.7°F, T 8 =59.8°F, T 9 =54.9°F 

Discussion Note that the plate is essentially isothermal at about 74.6°F. Also, the temperature in each layer 
varies linearly and thus we could solve this problem by considering 3 nodes only (one at the interface and 
two at the boundaries). 
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Convection 
4 K T a 


5-31E A large plate lying on the ground is subjected to convection from its exposed surface. The finite 
difference formulation of this problem is to be obtained, and the top and bottom surface temperatures under 
steady conditions are to be determined. 

Assumptions 1 Heat transfer through the plate is given 
to be steady and one-dimensional. 2 There is no heat 
generation in the plate and the soil. 3 The thermal 
contact resistance at the plate-soil interface is 
negligible. 4 Radiation heat transfer is negligible. 

Properties The thermal conductivity of the plate and the 
soil are given to be k p \ die = 7.2 Btu/h-ft-°F and k sol \ = 0.49 
Btu/h-ft-°F. 

Analysis The nodal spacing is given to be Ari=l in. in 
the plate, and be Ar 2 =0.6 ft in the soil. Then the number 
of nodes becomes 


\ IT 


1 ' 


Plate ^ 


3 ' 

\ 1 in 

4 1 

J 


M = 


L 

Ax 


+ 


plate 


L 

Ax 


+ 1 = 


5 in 3 ft 


Soil 


soil 


lin 0.6 ft 


+ 1 = 11 


The temperature at node 10 (bottom of thee soil) is given to be 7j 0 =50°F. 
Nodes 1, 2, 3, and 4 in the plate and 6, 7, 8, and 9 in the soil are interior 
nodes, and thus for them we can use the general finite difference relation 
expressed as 


T m - 1 + T m+l 


1 


8 


9 


10 


m 


= 0 -> T m _ x -2T, 


+ T 

m m+l 


= 0 (since e = 0) 


0.6 ft 


Ax k 

The finite difference equation for node 0 on the left surface and node 5 at the interface are obtained by 
applying an energy balance on their respective volume elements and taking the direction of all heat 
transfers to be towards the node under consideration: 


Node 0 (top surface) : h(T x -T 0 ) + fc plate 


T \ ~ T o 


= 0 


Node 1 (interior) : 
Node 2 (interior) : 
Node 3 (interior) : 
Node 4 (interior) : 

Node 5 (interface) : 

Node 6 (interior) : 
Node 7 (interior) : 
Node 8 (interior) : 
Node 9 (interior) : 


Ax i 

r 0 -27j+r 2 =o 
T x -273 +T 3 = 0 
To -273 + 73 = 0 


r 3 -2r 4 +r 5 = 0 


t 4 -t s 


plate 


AXi 


+ k v 


t 6 -t 5 


soil 


Ax 


= 0 


T 5 -2T 6 +T 7 =0 
T(, - 2T 7 + r g = 0 
T 7 -2T S +T 9 =0 
To — 273 + T\ n — 0 


9 ^-mo 

where Axi= 1/12 ft, Av 2 =0.6 ft, k p i ate = 7.2 Btu/h-ft-°F, k soi i = 0.49 Btu/h-ft-°F, h = 3.5 Btu/h-ft 2 -°F, 

T w = 80°F , and r IO =50°F. 

This system of 10 equations with 10 unknowns constitute the finite difference formulation of the problem. 
(b) The temperatures are determined by solving equations above to be 

73 = 78.67°F, T\ =78.62°F, T 2 =78.57°F, T 3 =78.51 °F, T A =78.46°F, 

T 5 = 78.41°F, T 6 =72.7°F, T 7 =67.0°F, T 8 =61.4°F, r 9 =55.7°F 

Discussion Note that the plate is essentially isothermal at about 78.6°F. Also, the temperature in each layer 
varies linearly and thus we could solve this problem by considering 3 nodes only (one at the interface and 
two at the boundaries). 
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5-32 The handle of a stainless steel spoon partially immersed in boiling water loses heat by convection and 
radiation. The finite difference formulation of the problem is to be obtained, and the tip temperature of the 
spoon as well as the rate of heat transfer from the exposed surfaces are to be determined. 

Assumptions 1 Heat transfer through the handle of the spoon is given to be steady and one-dimensional. 2 
Thermal conductivity and emissivity are constant. 3 Convection heat transfer coefficient is constant and 
uniform. 


Properties The thermal conductivity and emissivity are given to be 
k= 15.1 W/m-°C and 6-= 0.6. 

Analysis The nodal spacing is given to be Ax=3 cm. Then the number 
of nodes M becomes 


M =— + 1 = 
Av 


18 cm 
3 cm 


1 = 7 


The base temperature at node 0 is given to be T 0 = 95 °C. This problem 
involves 6 unknown nodal temperatures, and thus we need to have 6 
equations to determine them uniquely. Nodes 1, 2, 3, 4, and 5 are 
interior nodes, and thus for them we can use the general finite 
difference relation expressed as 



kA T '"-\ T,n + kA Tm+ \ T,n + h(pAx)(T x -T m ) + sa(pAx)[T 4 n ~(T m +273) 4 ] =0 
Av Ax 

or -2 T m +T m+l +h(pAx 2 / kA)(T x -T m ) + sa(p Ac 2 / kA)[T s 4 urr ~(T m +273) 4 ] = 0 ,m = 1,2, 3, 4, 5 


The finite difference equation for node 6 at the fin tip is obtained by applying an energy balance on the half 
volume element about node 6. Then, 

m= 1: T 0 -27’ 1 +T 2 +h(pAx 2 / M)(7’ Q0 -7\) + saipAx 2 / kA)[T 4 „ -(7\ + 273) 4 ] = 0 


m= 2: 7\ -2 T 2 + T 3 +h(pAc 2 / kA)(T x -T 2 ) + saipAx 2 / kA)[T 4 n ~{T 2 +273) 4 ] = 0 
m= 3: T 2 -2T 3 + T 4 + h(pAx 2 / kA)(T x -T 3 ) + saipAx 2 I kA)[T s 4 n -(T 3 +273) 4 ] =0 
m= 4: T 3 - 2T 4 + T 5 + hi pAc 2 / kA)(T x -T 4 )+ sai pAc 2 / kA)[T 4 rr - iT 4 + 273) 4 ] = 0 
m= 5: T 4 -2T 5 +T 6 +hipAx 2 / kA)iT x -T 5 ) + saipAx 2 / M)[T 4 rr ~(T 5 +273) 4 ] = 0 


Node 6: kA I aJjl + /,( pAx / 2 + A){T X -T 6 ) + sai pAx / 2 + A)[7’ S 4 II - (r 6 + 273) 4 ] = 0 
Ar 


where Ar = 0.03m, k = 15.1 W/m-°C, ^ = 0.6, = 25°C ,T 0 =95°C, T surr = 295 K, /z = 13W/m 2 -°C 

and A - (lcm)(0.2cm) = 0.2 cm 2 = 0.2 xlO -4 m 2 and p ~ 2(1 + 0.2 cm) = 2.4 cm = 0.024 m 

The system of 6 equations with 6 unknowns constitute the finite difference formulation of the problem. 

(. b ) The nodal temperatures under steady conditions are determined by solving the 6 equations above 
simultaneously with an equation solver to be 

r!=49.0°C, T 2 = 33.0°C, r 3 =27.4°C, T 4 = 25.5°C, T 5 = 24.8°C, and T 6 = 24.6°C, 

(c) The total rate of heat transfer from the spoon handle is simply the sum of the heat transfer from each 
nodal element, and is determined from 

6 6 6 

Qiin = X 2element,m = X M surface,™ ( T ,n ~ T oo ) + ^ Surface,™ K T m + 273) 4 - T* m ] = 0.92 W 

m = 0 m=0 ni—0 


where A surface , m =pAx/2 for node 0, A sulface m =pAx/2-\-A for node 6, and A surface m =pAx for other nodes. 
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5-33 The handle of a stainless steel spoon partially immersed in boiling water loses heat by convection and 
radiation. The finite difference formulation of the problem for all nodes is to be obtained, and the 
temperature of the tip of the spoon as well as the rate of heat transfer from the exposed surfaces of the 
spoon are to be determined. 

Assumptions 1 Heat transfer through the handle of the spoon is given to be steady and one-dimensional. 2 
The thermal conductivity and emissivity are constant. 3 Heat transfer coefficient is constant and uniform. 
Properties The thermal conductivity and emissivity are given to be 
k = 15.1 W/m-°C and s- 0.6. 

Analysis The nodal spacing is given to be Ar= 1 .5 cm. Then the 
number of nodes M becomes 


L 18 cm 
M = — +1 = 


1 = 13 


Av 1.5 cm 

The base temperature at node 0 is given to be T () - 95 °C. This problem 
involves 12 unknown nodal temperatures, and thus we need to have 
12 equations to determine them uniquely. Nodes 1 through 12 are 
interior nodes, and thus for them we can use the general finite 
difference relation expressed as 


IcA 


T —T 

m — 1 m 

Ax 


kA 


T —T 

m + 1 m 

Ax 


+ h(pAx)(T x -T m ) + scrip Ax)[T sa „ - 



or 


T m _ x -2 T m +T m+l +h(pAx 2 / M )(T C0 -T m ) + saipAx 2 / kA)[T* rr ~(T m +273) 4 ] = 0 , m = 1-12 

The finite difference equation for node 12 at the fin tip is obtained by applying an energy balance on the 
half volume element about node 12. Then, 

m= 1: T 0 - 2T \ +T 2 + hip Ax 2 / kA)(T x - T x ) + scrip Ax 2 / kA) [T* an - (7^ + 273) 4 ] = 0 
m= 2: 7\ -2 T 2 + T 3 +h(pAx 2 / kA){T x -T 2 ) + scr(pAx 2 / kA)[T^ n ~{T 2 +273) 4 ] =0 
m= 3: T 2 -2T 3 +T 4 +h(pAx 2 I kA){T x -T 3 ) + scr{pAx 2 / kA)[T s 4 un ~{T 3 +273) 4 ] =0 
m= 4: T 3 -2T 4 +T 5 +h(pAx 2 / kA)(T Vj -T 4 ) + scr(pAx 2 /kA)[T s *„ ~(T 4 +273) 4 ] = 0 


m = 5 
m = 6 
m = 7 
m = 8 
m = 9 


T 4 -2T s +T 6 +h(pAx 2 /kA)(T x -T 5 ) + sa(pAx 2 / kA)[T* n ~(T 5 +273) 4 ] =0 
T 5 -2T 6 +T-, + hip Ax 1 /kA)(T x -T 6 ) + scr(pAx 2 / kA)[T* n ~(T 6 + 273) 4 ] = 0 
T 6 -2 r 7 +T & +h( P Ax 2 /kA)(T x -Tj) + scrip Ax 2 / kA)[T* utt - (T 7 +273) 4 ] =0 
T 7 -2 T & +T g + hip Ax 2 / M)(7’ 00 -T s ) + scripAx 2 / kA)[T* n ~(T % +273) 4 ] = 0 
T s - 2T g +T 10 +h(pAx 2 / kA)(T x -T g ) + sa(pA x 2 / kA)[T* n - (T g + 273) 4 ] =0 


m = 10 : T g -2 T w +T U + h(pAx 2 / kA)(T x -T m ) + sa(pAx 2 / kA)[T* n - (T 10 +273) 4 ] = 0 
m = 11 : T l0 -2 T n +T n +h(pAx 2 / kA)(T„ -T u ) + scr(pAx 2 I kA)[T* a „ ~{T n + 273 ) 4 ] = 0 


Node 12: M^ 11 Tn 


Ax 


h( P Ax / 2 + A)(T^ - T n ) + sa(pAx / 2 + A)[T s 4 urr - (T n + 273) 4 ] = 0 


where Ar = 0.03 m, k = 15.1 W/m-°C, ^ = 0.6, = 25°C, T 0 = 95°C, T mrr = 295 K, h = 13W/m 2 -°C 

A = (1 cm)(0.2cm) = 0.2cm 2 = 0.2 xlO -4 m 2 and p ~ 2(1 + 0.2 cm) = 2.4 cm = 0.024 m 

( b ) The nodal temperatures under steady conditions are determined by solving the equations above to be 
Ti =65.2°C, T 2 = 48.1°C, T 3 =38.2°C, T A =32.4°C, T 5 =29.1°C, T 6 =27.1°C, T 7 =26.0°C, 

r 8 =25.3°C, T 9 = 24.9°C, T l0 =24.7°C, T x x =24.6°C, T n = 24.6°C 

(c) The total rate of heat transfer from the spoon handle is the sum of the heat transfer from each element, 

12 12 12 

2fin “ ^ ^element, m = ^ ^surface, m (^m _ ^oo ) + ^ ^^surfac e,m ] = 0.83 W 

m = 0 m = 0 m - 0 

where A surface , m =pAx/2 for node 0, A surface , m =pAx/2-\-A for node 13, and A surface , m =pAx for other nodes. 
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5-34 EES Prob. 5-33 is reconsidered. The effects of the thermal conductivity and the emissivity of the 
spoon material on the temperature at the spoon tip and the rate of heat transfer from the exposed surfaces of 
the spoon are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
k=1 5.1 [W/m-C] 
epsilon=0.6 
T_0=95 [C] 

T_infinity=25 [C] 
w=0.002 [m] 
s=0.01 [m] 

L=0.1 8 [m] 
h=13 [W/m A 2-C] 

T_surr=295 [K] 

DELTAx=0.01 5 [m] 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

"ANALYSIS" 

"(b)" 

M=L/DELTAx+1 "Number of nodes" 

A=w*s 

p=2*(w+s) 

"Using the finite difference method, 1 2 equations for the unknown temperatures at 1 2 nodes are 
determined to be" 

T_0-2*T_1+T_2+h*(p*DELTAx A 2)/(k*A)*(TJnfinity- 

T_1 )+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_1 +273) A 4)=0 "mode 1 " 

T_1 -2*T_2+T_3+h*(p*DELTAx A 2)/(k*A)*(T_infinity- 

T_2)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_2+273) A 4)=0 "mode 2" 
T_2-2*T_3+T_4+h*(p*DELTAx A 2)/(k*A)*(TJnfinity- 

T_3)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_3+273) A 4)=0 "mode 3" 
T_3-2*T_4+T_5+h*(p*DELTAx A 2)/(k*A)*(T_infinity- 

T_4)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_4+273) A 4)=0 "mode 4" 
T_4-2*T_5+T_6+h*(p*DELTAx A 2)/(k*A)*(T_infinity- 

T_5)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_5+273) A 4)=0 "mode 5" 
T_5-2*T_6+T_7+h*(p*DELTAx A 2)/(k*A)*(T_jnfinity- 

T_6)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_6+273) A 4)=0 "mode 6" 
T_6-2*T_7+T_8+h*(p*DELTAx A 2)/(k*A)*(T_infinity- 

T_7)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_7+273) A 4)=0 "mode 7" 
T_7-2*T_8+T_9+h*(p*DELTAx A 2)/(k*A)*(T_infinity- 

T_8)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_8+273) A 4)=0 "mode 8" 

T_8-2*T_9+T_1 0+h*(p*DELTAx A 2)/(k*A)*(T_jnfinity- 

T_9)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_9+273) A 4)=0 "mode 9" 

T_9-2*T_1 0+T_1 1 +h*(p*DELTAx A 2)/(k*A)*(T_infinity- 

T_1 0)+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_1 0+273) A 4)=0 "mode 1 0" 

T_1 0-2*T_1 1 +T_1 2+h*(p*DELTAx A 2)/(k*A)*(TJnfinity- 

T_1 1 )+epsilon*sigma*(p*DELTAx A 2)/(k*A)*(T_surr A 4-(T_1 1 +273) A 4)=0 "mode 1 1 " 

k*A*(T_1 1 -T_1 2)/DELTAx+h*(p*DELTAx/2+A)*(T_infinity- 

T_1 2)+epsilon*sigma*(p*DELTAx/2+A)*(T_surr A 4-(T_1 2+273) A 4)=0 mode 1 2" 

T_tip=T_12 

"(c)" 

A_s_0 =p*DELTAx/2 
A_s_1 2=p*DELTAx/2+A 
A_s=p*DELTAx 
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Q_dot=Q_dot_0+Q_dot_1+Q_dot_2+Q_dot_3+Q_dot_4+Q_dot_5+Q_dot_6+Q_dot_7+Q_dot_8+ 
Q_dot_9+Q_dot_1 0+Q_dot_1 1 +Q_dot_1 2 

Q_dot_0=h*A_s_0*(T_0-T_infinity)+epsilon*sigma*A_s_0*((T_0+273) A 4-T_surr A 4) 

Q_dot_1 =h*A_s*(T_1 -T_infinity)+epsilon*sigma*A_s*((T_1 +273) A 4-T_surr A 4) 
Q_dot_2=h*A_s*(T_2-TJnfinity)+epsilon*sigma*A_s*((T_2+273) A 4-T_surr A 4) 
Q_dot_3=h*A_s*(T_3-TJnfinity)+epsilon*sigma*A_s*((T_3+273) A 4-T_surr A 4) 
Q_dot_4=h*A_s*(T_4-TJnfinity)+epsilon*sigma*A_s*((T_4+273) A 4-T_surr A 4) 
Q_dot_5=h*A_s*(T_5-TJnfinity)+epsilon*sigma*A_s*((T_5+273) A 4-T_surr A 4) 
Q_dot_6=h*A_s*(T_6-TJnfinity)+epsilon*sigma*A_s*((T_6+273) A 4-T_surr A 4) 
Q_dot_7=h*A_s*(T_7-TJnfinity)+epsilon*sigma*A_s*((T_7+273) A 4-T_surr A 4) 
Q_dot_8=h*A_s*(T_8-TJnfinity)+epsilon*sigma*A_s*((T_8+273) A 4-T_surr A 4) 
Q_dot_9=h*A_s*(T_9-TJnfinity)+epsilon*sigma*A_s*((T_9+273) A 4-T_surr A 4) 

Q_dot_1 0=h*A_s*(T_1 0-T_infinity)+epsilon*sigma*A_s*((T_1 0+273) A 4-T_surr A 4) 

Q_dot_1 1 =h*A_s*(T_1 1 -T_infinity)+epsilon*sigma*A_s*((T_1 1 +273) A 4-T_surr A 4) 

Q_dot_1 2=h*A_s_1 2*(T_1 2-TJnfinity)+epsilon*sigma*A_s_1 2*((T_1 2+273) A 4-T_surr A 4) 


k [W/m.C] 

T tiD [C] 

0 [W] 

10 

24.38 

0.6889 

30.53 

25.32 

1.156 

51.05 

27.28 

1.482 

71.58 

29.65 

1.745 

92.11 

32.1 

1.969 

112.6 

34.51 

2.166 

133.2 

36.82 

2.341 

153.7 

39 

2.498 

174.2 

41.06 

2.641 

194.7 

42.98 

2.772 

215.3 

44.79 

2.892 

235.8 

46.48 

3.003 

256.3 

48.07 

3.106 

276.8 

49.56 

3.202 

297.4 

50.96 

3.291 

317.9 

52.28 

3.374 

338.4 

53.52 

3.452 

358.9 

54.69 

3.526 

379.5 

55.8 

3.595 

400 

56.86 

3.66 












































































































tip [C] T,ip [C] 
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0.75 

24.34 

0.8605 

0.8 

24.3 

0.8705 

0.85 

24.26 

0.8805 

0.9 

24.22 

0.8904 

0.95 

24.18 

0.9001 

1 

24.14 

0.9099 
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5-35 One side of a hot vertical plate is to be cooled by attaching aluminum fins of rectangular profile. The 
finite difference formulation of the problem for all nodes is to be obtained, and the nodal temperatures, the 
rate of heat transfer from a single fin and from the entire surface of the plate are to be determined. 

Assumptions 1 Heat transfer along the fin is given to be steady and one-dimensional. 2 The thermal 
conductivity is constant. 3 Combined convection and radiation heat transfer coefficient is constant and 
uniform. 


Properties The thermal conductivity is given to be k = 237 W/m-°C. 

Analysis ( a ) The nodal spacing is given to be Ar=0.5 
cm. Then the number of nodes M becomes 

L 2 cm 


M = 


Ax 


4-1 = 


0.5 cm 


4-1 = 5 


The base temperature at node 0 is given to be Tq = 80°C. This 
problem involves 4 unknown nodal temperatures, and thus we 
need to have 4 equations to determine them uniquely. Nodes 1, 
2, and 3 are interior nodes, and thus for them we can use the 
general finite difference relation expressed as 



kA 


T —T 

m — 1 m 

Ax 


kA 


T —T 

m + 1 m 

Ax 


h(pAx)(T, y 


~ T m ) = 0 -> T m _ x - 2 T m + T m+l + h(pAx 2 / kA)(T x - T m ) = 0 


The finite difference equation for node 4 at the fin tip is obtained by 
applying an energy balance on the half volume element about that 
node. Then, 

m= 1 : T 0 - 27\ + T 2 + h(pAx 2 i kA)(T x - T { ) = 0 
m= 2: T x - 2T 2 + T 3 + h(pAx 2 / kA)(T x - T 2 ) = 0 
m= 3: T 2 -2T 3 +T 4 + h( pAx 2 / kA)(T x - T 3 ) = 0 


Node 4: 


kA 


T ,-T_ 
Ax 


+ h(pAx/2 + A)(T^ -T 4 ) = 0 


where Ar = 0.005 m, k = 237 W/m- °C, 7^ = 35°C, T 0 = 80°C, h = 30 W/m 2 • °C 
and A = (3 m)(0.003m) = 0.009 m 2 and p = 2(3 + 0.003 m) = 6.006 m . 

This system of 4 equations with 4 unknowns constitute the finite difference formulation of the problem. 

( b ) The nodal temperatures under steady conditions are determined by solving the 4 equations above 
simultaneously with an equation solver to be 

T x = 79.64°C, T 2 = 79.38°C, T 3 = 79.21°C, T A = 79.14°C 

(c) The rate of heat transfer from a single fin is simply the sum of the heat transfer from each nodal 
element, 

4 4 

Gfin -z ^element, m ^^surfac e,m^m ^oo ) 

m= 0 m - 0 

= hp(Ax / 2)(T 0 -T^) + hpAx(T x +T 2 +T 3 -37^) + h(pAx/ 24- A)(T 4 -T 00 )=172W 

(d) The number of fins on the surface is 

Plate height 2 m 


No. of fins = 


= 286 fins 


Fin thickness 4- fin spacing (0.003 + 0.004) m 
Then the rate of heat tranfer from the fins, the unfinned portion, and the entire finned surface become 
Gfin, total = (No. of fins)<2 fin = 286(172 W) = 49,192 W 

£4 unfinned = M u nfin ned (T n -T K ) = (30 W/m 2 ■' °C)(286x 3 m X 0.004 m)(80- 35)°C = 4633 W 
Q total = Gfin, total + Gunfinned = 49,192 + 4633 = 53,825 W = 53.8 kW 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



5-25 


5-36 One side of a hot vertical plate is to be cooled by attaching aluminum pin fins. The finite difference 
formulation of the problem for all nodes is to be obtained, and the nodal temperatures, the rate of heat 
transfer from a single fin and from the entire surface of the plate are to be determined. 

Assumptions 1 Heat transfer along the fin is given to be steady and one-dimensional. 2 The thermal 
conductivity is constant. 3 Combined convection and radiation heat transfer coefficient is constant and 
uniform. 


Properties The thermal conductivity is given to be k = 237 W/m-°C. 

Analysis ( a ) The nodal spacing is given to be Av=0.5 cm. Then the number of nodes M becomes 


M = 


L 

— -f 
Av 


_ 3 cm 
0.5 cm 


1 = 7 


The base temperature at node 0 is given to be T () = 100°C. This problem involves 6 unknown nodal 
temperatures, and thus we need to have 6 equations to determine them uniquely. Nodes 1, 2, 3, 4, and 5 are 
interior nodes, and thus for them we can use the general finite difference relation expressed as 

M + kA LoAZLl + h (pAx)(T x - T m ) = 0 -> T m _ x - 2 T m + T rn+i + h(pAx 2 / kA)(T x - T m ) = 0 

Ar Ar 


The finite difference equation for node 6 at the fin tip is obtained by applying an energy balance on the half 
volume element about that node. Then, 


m= 1 : T q - 27\ + T 2 + h( pAx 2 / kA)(T x - T { ) = 0 
m= 2: T x - 2 T 2 + T 3 + h( pAx 2 / M)(7’ 00 -T 2 )= 0 
m= 3: T 2 -2T 3 +T 4 + hipAx 2 / kA)(T x -T 3 ) = 0 
m= 4: T 3 -2T 4 +T s +h(pAx 2 / kA)(T x -T 4 ) = 0 
m= 5: T 4 -2T 5 +T 6 +h(pAx 2 / kA)(T x -T s )= 0 

Node 6: kA T AZ 7 ± + /,( pAx / 2 + A)(T X - T 6 ) = 0 
Ar 



where Ax = 0.005 m , k = 237 W/m -°C, T x = 30°C, T 0 = 100 °C, h = 35 W/m 2 -°C 

A = ^D 2 /4 = ^-(0.25cm) 2 /4 = 0.0491cm 2 = 0.0491xl(T 4 m 2 
and 

p — 7 zD — ^-(0.0025 m) = 0.00785 m 

(. b ) The nodal temperatures under steady conditions are determined by solving the 6 equations above 
simultaneously with an equation solver to be 

T { = 97.9°C, T 2 = 96.1°C, T 3 = 94.7°C, T A = 93.8°C, T 5 = 93.1°C, T 6 = 92.9°C 
(c) The rate of heat transfer from a single fin is simply the sum of the heat transfer from the nodal 
elements, 


Qfm : -z ^element, m surface, m ^'m ^oo ) 

m = 0 m=0 

= hpAx/2(T {) -r oo ) + /zpAjc(T 1 +T 2 +T 3 +T 4 +T 5 -5T^) + h(pAx / 2 + A)(T e - ) = 0.5496 W 

1 m 2 

(i d ) The number of fins on the surface is No. of fins = - - — - — - = 27,778 fins 


(0.006 m)(0.006m) 


Then the rate of heat tranfer from the fins, the unfinned portion, and the entire finned surface become 
Gfin, total = ( No - of fins )Gfin = 27,778(0.5496 W) = 15,267 W 

Q unfinned = ^ rfn ~T a „) = (35 W/m 2 •' °C)(1 - 27,778 X 0.0491 x 10 4 m 2 )(100-30)°C = 2116 W 
Q total = Gfin, total + Gunfinned = 15,267 + 2116 = 17,383 W = 17.4 kW 
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5-37 One side of a hot vertical plate is to be cooled by attaching copper pin fins. The finite difference 
formulation of the problem for all nodes is to be obtained, and the nodal temperatures, the rate of heat 
transfer from a single fin and from the entire surface of the plate are to be determined. 

Assumptions 1 Heat transfer along the fin is given to be steady and one-dimensional. 2 The thermal 
conductivity is constant. 3 Combined convection and radiation heat transfer coefficient is constant and 
uniform. 


Properties The thermal conductivity is given to be k = 386 W/m-°C. 

Analysis ( a ) The nodal spacing is given to be Ax=0.5 cm. Then the number of nodes M becomes 


M = 


L 

Ax 


3 cm 
0.5 cm 


1 = 7 


The base temperature at node 0 is given to be T 0 = 100°C. This problem involves 6 unknown nodal 
temperatures, and thus we need to have 6 equations to determine them uniquely. Nodes 1, 2, 3, 4, and 5 are 
interior nodes, and thus for them we can use the general finite difference relation expressed as 

kA T m - X -T m + kA T m+l ~T m + h(pAx)(T ^ _ Tm) = o T _ 2 T + Tjn+[ + hipAx 2 / kA)(T x - T m ) = 0 
Ar Ar 


The finite difference equation for node 6 at the fin tip is obtained by applying an energy balance on the half 
volume element about that node. Then, 

m= I: T (j -27’, +T 2 + h( pAx 2 / kA)(T x -7\) = 0 
m= 2: T x - 2 T 2 + T 3 + h( pAx 2 / kA)(T x -T 2 ) = 0 
m= 3: T 2 -2T 3 + T 4 + h(pAx 2 / kA)(T x -T 3 ) = 0 
m= 4: T 3 - 2T 4 +T 5 + h(pAx 2 / kA)(T t x -T 4 ) = 0 
m= 5: T 4 - 2T 5 +T 6 +h( pAx 2 / kA)(T x - T s ) = 0 

Node 6: kA ^ + h(pAx / 2 + A)(T X -T 6 ) = 0 

Ax 

Where Ax = 0.005 m, k = 386 W/m • °C, T x = 30°C, T 0 = 100 °C, h = 35 W/m 2 ■ °C 

A = ttD 2 /4 = ^-(0.25cm) 2 /4 = 0.0491cm 2 = 0.0491xl0' 4 m 2 
and 

p — 7tD — ^-(0.0025 m) = 0.00785 m 

(. b ) The nodal temperatures under steady conditions are determined by solving the 6 equations above 
simultaneously with an equation solver to be 

T x = 98.6°C, T 2 = 97.5°C, T 3 = 96.7°C, T A = 96.0°C, T 5 = 95.7°C, T e = 95.5°C 

(c) The rate of heat transfer from a single fin is simply the sum of the heat transfer from the nodal 
elements, 



6 6 

2 fin -z 2element ,m ^"^surfac e,m ^ m ^oo ) 

m = 0 m = 0 

= hpAx / 2 (T 0 - ) + hpAx(T x + T 2 + T 3 + T 4 + T 5 - 57^ ) + h(pAx / 2 + A)(T 6 -T^) = 0.5641 W 


( d) The number of fins on the surface is No. of fins = 


lm 


(0.006 m)(0.006m) 


= 27,778 fins 


Then the rate of heat tranfer from the fins, the unfinned portion, and the entire finned surface become 
Gfm, total =(No.of fms)Q fin = 27,778(0.5641 W) = 15,670 W 

Q unfinned = ^unf.nned ( T o ~T a0 ) = ( 35 W/m 2 •' °C)(1 - 27,778 x 0.0491 x 10“ 4 m 2 )(100 - 30)°C = 2116 W 
Q total = 2 fin, total + Qunfmned = 15,670 + 21 16 = 17,786 W = 17.8 kW 
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5-38 Two cast iron steam pipes are connected to each other through two 1-cm thick flanges, and heat is lost 
from the flanges by convection and radiation. The finite difference formulation of the problem for all nodes 
is to be obtained, and the temperature of the tip of the flange as well as the rate of heat transfer from the 
exposed surfaces of the flange are to be determined. 

Assumptions 1 Heat transfer through the flange is stated to be steady and one-dimensional. 2 The thermal 
conductivity and emissivity are constants. 3 Convection heat transfer coefficient is constant and uniform. 
Properties The thermal conductivity and emissivity are 
given to be k = 52 W/m-°C and s = 0.8. 

Analysis ( a ) The distance between nodes 0 and 1 is the 
thickness of the pipe, Axi=0.4 cm=0.004 m. The nodal 
spacing along the flange is given to be Ax 2 =l cm = 0.01 m. 

Then the number of nodes M becomes 


T 

J- v:i 


M = 


L 


2 = 


5 cm 


2 = 1 


h a , T 0 


hi 

T\ 


0 


Ax: 


1 2 3 4 5 6 


Ax 1 cm 

This problem involves 7 unknown nodal temperatures, and thus we need to have 7 equations to determine 
them uniquely. Noting that the total thickness of the flange is t = 0.02 m, the heat conduction area at any 
location along the flange is A cond = 2 Ttrt where the values of radii at the nodes and between the nodes (the 
mid points) are 

r () = 0.046 m, ^=0.05 m, r 2 =0.06 m, r 3 =0.07 m, r 4 =0.08 m, r 5 =0.09 m, r 6 =0. 1 0 m 
r 0 i=0.048 m, n 2 =0.055 m, r 23 =0.065 m, r 34 =0.075 m, r 45 =0.085 m, r 56 =0.095 m 
Then the finite difference equations for each node are obtained from the energy balance to be as follows: 


Node 0: 

Node 1: 
k(27rtr 0l ) 


h t (2 7ttr 0 )(T t -T 0 ) + k(2mr m ) — T ° = 0 


Tp-Tj 

Ax, 


+ k(2Mr l2 ) 


T 2 -Tj 

AXo 


+ 2[2^(r, + r 12 ) / 2)](Ax 2 / 2){h(T x -T,) + sofT^ - (7\ + 273) 4 ] } = 0 


Node 2: k(2Mr n ) 


Node 3: k{2Mr 22 ) 


Node 4: k(2^r 34 ) 


Node 5: k(2rtr A5 ) 


Node 6: k(2rtr 56 ) 


T t -T 2 

Ax 2 

t 2 -t 3 

Ax 2 

h~T 4 

Ajc 2 

t 4 -t 5 

Ax 2 

t 5 -t 6 

AXo 


-f k(27Ur 12 ) 


t 3 -t 2 


+ k(2ntr 34 ) 


+ k(2rtr 45 ) 


+ k(27rtr 5b ) 


A.y 2 

t 4 -t 3 

A.y 2 

t 5 -t 4 

Ax 2 

t 6 -t 5 

A,Yt 


+ 2(2ntr 2 Ax 2 ){h(T a0 -T 2 ) + sa[T* un ~{T 2 +273) 4 ]} =0 


+ 2(2mr 3 Ax 2 ){h(T x -T 3 ) + sa[T^ - (T 3 + 273) 4 ] } = 0 


+ 2(2^r 4 Ax 2 ){/,(7’ 00 -T 4 ) + £a[T* m - (T 4 +273) 4 ]} = 0 


+ 2(2ntr 5 Ax 2 ){h(T x -T s ) + sa[T* au - (T 5 + 273) 4 ] } = 0 


+ 2[2nt(Ax 2 / 2 )(r 56 + r 6 ) / 2 + 2 nr 6 t] {h(T x -T 6 ) + sa[T^ - ( T 6 + 273) 4 ] } = 0 


where Axj = 0.004 m, Ax 2 = 0.01 m, k = 52 W/m • °C, s = 0.8, T ^ = 8°C, T in = 200°C, T surr = 290 K and 
h = 25 W/m 2 • °C, hj = 180 W/m 2 • °C, cr = 5.67 x 1 0' 8 W/m 2 • K 4 . 

The system of 7 equations with 7 unknowns constitutes the finite difference formulation of the problem. 

( b ) The nodal temperatures under steady conditions are determined by solving the 7 equations above 
simultaneously with an equation solver to be 

r 0 =119.7°C, r!=118.6 0 C, r 2 =116.3°C, r 3 =114.3°C, r 4 =112.7°C, r 5 =111.2°C, and r 6 = 109.9°C 

(c) Knowing the inner surface temperature, the rate of heat transfer from the flange under steady 
conditions is simply the rate of heat transfer from the steam to the pipe at flange section 

6 6 6 

Gfin = X ^element,™ = ^ Hurface,m i T m ~ T «> ) + ^ Surface,™ Wm + 273 ) 4 “^surr] = 83 - 6 W 
m=\ m = 1 m = 1 

where A surface , m are as given above for different nodes. 
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5-39 EES Prob. 5-38 is reconsidered. The effects of the steam temperature and the outer heat transfer 
coefficient on the flange tip temperature and the rate of heat transfer from the exposed surfaces of the 
flange are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
t_pipe=0.004 [m] 
k=52 [W/m-C] 
epsilon=0.8 
D_o_pipe=0.10 [m] 
t_flange=0.01 [m] 

D_o_flange=0.20 [m] 

T_steam=200 [C] 

h i=1 80 [W/m A 2-C] 

T_infinity=8 [C] 
h=25 [W/m A 2-C] 

T_surr=290 [K] 

DELTAx=0.01 [m] 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

"ANALYSIS" 

"(b)" 

DELTAx_1=t_pipe "the distance between nodes 0 and 1" 

DELTAx_2=t_flange "nodal spacing along the flange" 

L=(D_o_flange-D_o_pipe)/2 
M=L/DELTAx_2+2 "Number of nodes" 
t=2*t_flange "total thixkness of the flange" 

"The values of radii at the nodes and between the nodes /-(the midpoints) are" 

r_0=0.046 "[m]" 

r_1=0.05 "[m]" 

r_2=0.06 "[m]" 

r_3=0.07 "[m]" 

r_4=0.08 "[m]" 

r_5=0.09 "[m]" 

r_6=0.10 "[m]" 

r_01 =0.048 "[m]" 

r_1 2=0.055 "[m]" 

r_23=0.065 "[m]" 

r_34=0.075 "[m]" 

r_45=0.085 "[m]" 

r_56=0.095 "[m]" 

"Using the finite difference method, the five equations for the unknown temperatures at 7 nodes 
are determined to be" 

hJ*(2*pi*t*r_0)*(T_steam-T_0)+k*(2*pi*t*r_01)*(T_1 -T_0)/DELTAx_1 =0 'node 0" 

k*(2*pi*t*r_01 )*(T_0-T_1 )/DELTAx_1 +k*(2*pi*t*r_1 2)*(T_2- 

T_1 )/DELTAx_2+2*2*pi*t*(r_1 +r_1 2)/2*(DELTAx_2/2)*(h*(T_infinity- 

T_1 )+epsilon*sigma*(T_surr A 4-(T_1 +273) A 4))=0 "node 1" 

k*(2*pi*t*r_1 2)*(T_1 -T_2)/DELTAx_2+k*(2*pi*t*r_23)*(T_3- 

T_2)/DELTAx_2+2*2*pi*t*r_2*DELTAx_2*(h*(T_infinity-T_2)+epsilon*sigma*(T_surr A 4- 
(T 2+273) A 4))=0 "node 2" 

k*(2*pi*t*r_23)*(T_2-T_3)/DELTAx_2+k*(2*pi*t*r_34)*(T_4- 

T_3)/DELTAx_2+2*2*pi*t*r_3*DELTAx_2*(h*(T_infinity-T_3)+epsilon*sigma*(T_surr A 4- 
(TJ3+273) A 4))=0 "node 3" 
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k*(2*pi*t*r_34)*(T_3-T_4)/DELTAx_2+k*(2*pi*t*r_45)*(T_5- 

T_4)/DELTAx_2+2*2*pi*t*r_4*DELTAx_2*(h*(T_infinity-T_4)+epsilon*sigma*(T_surr A 4- 
(T 4+273) A 4))=0 "node 4" 

k*(2*pi*t*r_45)*(T_4-T_5)/DELTAx_2+k*(2*pi*t*r_56)*(T_6- 

T_5)/DELTAx_2+2*2*pi*t*r_5*DELTAx_2*(h*(T_infinity-T_5)+epsilon*sigma*(T_surr A 4- 

(T _5+273) A 4))=0 "node 5" 

k*(2*pi*t*r_56)*(T_5- 

T_6)/DELTAx_2+2*(2*pi*t*(r_56+r_6)/2*(DELTAx_2/2)+2*pi*t*r_6)*(h*(TJnfinity- 
T_6)+epsilon*sigma*(T_surr A 4-(T_6+273) A 4))=0 "node 6" 

T_tip=T_6 

"(c)" 

Q_dot=Q_dot_1 +Q_dot_2+Q_dot_3+Q_dot_4+Q_dot_5+Q_dot_6 "where" 

Q_dot_1 =h*2*2*pi*t*(r_1 +r_1 2)/2*DELTAx_2/2*(T_1 - 

T_infinity)+epsilon*sigma*2*2*pi*t*(r_1 +r_1 2)/2*DELTAx_2/2*((T_1 +273) A 4-T_surr A 4) 
Q_dot_2=h*2*2*pi*t*r_2*DELTAx_2*(T_2- 

TJnfinity)+epsilon*sigma*2*2*pi*t*r_2*DELTAx_2*((T_2+273) A 4-T_surr A 4) 

Q_dot_3=h*2*2*pi*t*r_3*DELTAx_2*(T_3- 

TJnfinity)+epsilon*sigma*2*2*pi*t*r_3*DELTAx_2*((T_3+273) A 4-T_surr A 4) 

Q_dot_4=h*2*2*pi*t*r_4*DELTAx_2*(T_4- 

TJnfinity)+epsilon*sigma*2*2*pi*t*r_4*DELTAx_2*((T_4+273) A 4-T_surr A 4) 

Q_dot_5=h*2*2*pi*t*r_5*DELTAx_2*(T_5- 

TJnfinity)+epsilon*sigma*2*2*pi*t*r_5*DELTAx_2*((T_5+273) A 4-T_surr A 4) 

Q_dot_6=h*2*(2*pi*t*(r_56+r_6)/2*(DELTAx_2/2)+2*pi*t*r_6)*(T_6- 

TJnfinity)+epsilon*sigma*2*(2*pi*t*(r_56+r_6)/2*(DELTAx_2/2)+2*pi*t*r_6)*((T_6+273) A 4- 

T_surr A 4) 


Tsteam [C] 

T tiD [C] 

Q [W] 

150 

84.42 

60.83 

160 

89.57 

65.33 

170 

94.69 

69.85 

180 

99.78 

74.4 

190 

104.8 

78.98 

200 

109.9 

83.58 

210 

114.9 

88.21 

220 

119.9 

92.87 

230 

124.8 

97.55 

240 

129.7 

102.3 

250 

134.6 

107 

260 

139.5 

111.8 

270 

144.3 

116.6 

280 

149.1 

121.4 

290 

153.9 

126.2 

300 

158.7 

131.1 


h [W/m\C] 

Tti D [C] 

Q [W] 

15 

126.5 

68.18 

20 

117.6 

76.42 

25 

109.9 

83.58 

30 

103.1 

89.85 

35 

97.17 

95.38 

40 

91.89 

100.3 
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tip [C] T tip [C] 


5-30 


45 

87.17 

104.7 

50 

82.95 

108.6 

55 

79.14 

112.1 

60 

75.69 

115.3 






•o 
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5-40 EES Using EES, the solutions of the systems of algebraic equations are determined to be as follows: 

"(a)" 

3*x_1 -x_2+3*x_3=0 
-x_1 +2*x_2+x_3=3 
2*x 1-x 2-x 3=2 


Solution: x\ = 2, x 2 = 3, x 3 = -1 


"(b)" 

4*x_1 -2*x_2 A 2+0.5*x_3=-2 
x_1 A 3-x_2+-x_3=1 1.964 
x 1+x 2+x 3=3 


Solution: x t = 2.33, x 2 = 2.29, x 3 --1.62 


5-41 EES Using EES, the solutions of the systems of algebraic equations are determined to be as follows: 

"(a)" 

3*x_1 +2*x_2-x_3+x_4=6 
x_1 +2*x_2-x_4=-3 
-2*x_1 +x_2+3*x_3+x_4=2 
3*x 2+x 3-4*x 4=-6 


Solution: Xi = 13, x 2 = -9, x 3 - 13, x 4 = -2 
"(b)" 

3*x_1 +x_2 A 2+2*x_3=8 
-x_1 A 2+3*x_2+2*x_3=-6.293 
2*x 1-x 2 A 4+4*x 3=-1 2 


Solution: x\ = 2.825, x 2 = 1.791, x 3 = -1.841 


5-42 EES Using EES, the solutions of the systems of algebraic equations are determined to be as follows: 
"(a)" 

4*x_1 -x_2+2*x_3+x_4=-6 
x_1 +3*x_2-x_3+4*x_4=-1 
-x_1 +2*x_2+5*x_4=5 
2*x_2-4*x_3-3*x_4=-5 

Solution: x\ = -2, x 2 = -1, x 3 = 0, x 4 = 1 

"(b)" 

2*x_1 +x_2 A 4-2*x_3+x_4=1 
x_1 A 2+4*x_2+2*x_3 A 2-2*x_4=-3 
-x_1 +x_2 A 4+5*x_3=1 0 
3*x 1-x 3 A 2+8*x 4=15 


Solution: X\ = 0.263, x 2 = —1.15, x 3 = 1.70, x 4 = 2.14 
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Two-Dimensional Steady Heat Conduction 

5-43C For a medium in which the finite difference formulation of a general interior node is given in its 

e l 2 

simplest form as T m +T top + r right + r bottom - 4r node + no ^ e = 0 : 

(a) Heat transfer is steady, ( b ) heat transfer is two-dimensional, (c) there is heat generation in the medium, 
( d) the nodal spacing is constant, and ( e ) the thermal conductivity of the medium is constant. 


5-44C For a medium in which the finite difference formulation of a general interior node is given in its 
simplest form as ^node ~ (^left + ^top -^right ^bottom )/4 : 

(a) Heat transfer is steady, ( b ) heat transfer is two-dimensional, (c) there is no heat generation in the 
medium, ( d) the nodal spacing is constant, and ( e ) the thermal conductivity of the medium is constant. 


5-45C A region that cannot be filled with simple volume elements such as strips for a plane wall, and 
rectangular elements for two-dimensional conduction is said to have irregular boundaries. A practical way 
of dealing with such geometries in the finite difference method is to replace the elements bordering the 
irregular geometry by a series of simple volume elements. 
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5-46 Two dimensional ridges are machined on the cold side of a heat exchanger. The smallest section of 
the wall is to be identified. A two-dimensional grid is to be constructed and the unknown temperatures in 
the grid are to be determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 Thermal 
conductivity is constant. 3 There is no heat generation. 

Analysis (a) From symmetry, the smallest domain is between the top and the base of one ridge. 



(b) The unknown temperatures at nodes 1, 2, and 3 are to be determined from finite difference formulations 
Node 1: 


TbzIi 

Ax 


A x + k 


T 2 -T x Ai, T b -T x Ax 


= 0 


Ax 2 Ax 2 
2 T b -2T x +T 2 -T x +T b -T x =0 


4 T x -T 2 = 3T b = 3x10 = 30 


Node 2: 


T x -T 2 Ax 


T , -22 


Ax + k 


T A -To Ax 


= 0 


Ax 2 Ax Ax 2 

T x -T 2 +2T 3 -2T 2 +T a -T 2 -0 

-T x +4T 2 -2T 3 = T a = 90 


Node 3: 



4 T 3 - T 2 + T a + T b + T b 
-T 2 +4 T 3 =2T b +T a = 2x10 + 90 = 110 

The matrix equation is 


' 4 

-1 

0 ' 

~T\ 


"30" 

-1 

4 

-2 

T 2 

= 

90 

0 

-1 

4 

.L. 


110 


(c) The temperature T 2 is 46.9°C. Then the temperatures T x and T 3 are determined from equations 1 and 3. 
4 T x -T 2 = 30 

4 T x - 46.9 = 30 > T x = 1 9.2°C 

~T 2 +4 T 3 =110 

-46.9 + 4T 3 =110 >T 3 =39.2°C 
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5-47 A long tube involves two-dimensional heat transfer. The matrix equation is to be written and 
simplified and the rate of heat loss from the tube is to be determined. 

Assumptions 1 Heat transfer from the tube is steady and two-dimensional. 2 Thermal conductivity is 
constant. 3 There is uniform heat generation. 

Analysis ( a ) The unknown temperatures at nodes 4, 5, and 7 are to be determined from finite difference 
formulations: 



Grid point 
1 
2 

3 

4 

5 

6 

7 

8 


T(°C ) 
20 
20 
20 
71.4 
92.9 
100 
105.7 
100 


Node 5: 


k 


k 


T l- T ^ - + k T —~ T — L + k Tl - T *- - + e — = 0 
L 2 L L 2 2 

L 2 

(T x -T 4 ) + 2(T 5 -T 4 ) + (T 7 -T 4 ) + e — — = 0 

k 

-at 4 +2t 5 +t 7 =-t a -e A 

= 0 
= 0 

= -T A -2T B -e- 


^L± L + k l±_L± L + k ll_L± L + k l±_L± L + eL 2 

L L L L 

L 2 

(T 2 -T 5 ) + (T 6 -T 5 ) + (T & -T 5 ) + (T 4 -T 5 ) + e — 

k 

r 4 -4 t 5 


Node 7: 


k T A— 1 L + k T ~ Tl - - + e — = 0 

L 2 L 2 4 

r 1 

(T 4 -T 7 ) + (T s -T 7 ) + e— = 0 

2k 

L 2 

T 4 -2 T 7 =-T b -e — 
4 7 B 2k 
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The matrix equation is 


" 4 

-2 

-f 

V 


T a + eL 2 Ik 


"100“ 

-1 

4 

0 

T 5 

— 

T a +2 T b +eL 2 Ik 

— 

300 

-1 

0 

2 



T b + eL 2 12 k 


140 


( b ) The rate of heat transfer per unit length is determined as follows 


T a -T x L T 3 -T x L . L 2 10(71.4-10) . in5 .(0.04) 

q out, i - k — : — + & — 7 — + £ — = — 1-0+ (5x10 ) 


L 2 


*7 out, 2 = k 


77 -77 


L 


L + k 


L 2 
T x -T 7 L 


4 2 


0.04 


4 


L 2 


7 T 3 -T 2 l . u 
+ k— + e 


L 2 


2 


= (10X92.9 - 20) + 0 + 0 + (5 x 10 s ) (Q, ° 4) =1129 W/m 

77-77 L T ? -T 3 L . L 2 10 < (0.04) 

q out3 -- + * — -- + e — = — (100-20) + 0 + (5xl0 5 )- - 

’ £ 2 L 2 4 2 4 

^out = 4 (^out,i + <7 out , 2 + *7 out , 3 ) = 4 ( 457 + H29 + 600) = 8744 W/m 


= 457 W/m 


= 600 W/m 
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5-48 A long solid body is subjected to steady two-dimensional heat transfer. The unknown nodal 
temperatures and the rate of heat loss from the bottom surface through a 1-m long section are to be 
determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 Heat is 
generated uniformly in the body. 3 Radiation heat transfer is negligible. 

Properties The thermal conductivity is given to be k = 45 W/m-°C. 

Analysis The nodal spacing is given to be 

Ax=Av=/=0.05 m, and the general finite difference form 

° *1 • 

of an interior node for steady two-dimensional heat 

conduction is expressed as 

, ,2 . .260 305 350 


-^left ^top + bright ^bottom ^^node 


where 

e node ^ 2 _ e 0 l 2 _ (4xlQ 6 W/m 3 )(0.05 m) 
k k 45 W/m - °C 


200°C 


= 222. 2°C 


1 t 

• 

260 

• 

305 


e 

3 

290 2 

5 cm 

-A. 

U « 

240 . 

1 

• 


The finite difference equations for boundary nodes are 
obtained by applying an energy balance on the volume 
elements and taking the direction of all heat transfers to 
be towards the node under consideration: 

_ T - i , l 240 -7j 290-7j f / 325-7j 

Node 1 ( convection) : k + kl + k 

2 1 111 


Convection 

h, 


+ *Z(r 00 -r 1 ) + -£— = o 

2k 


Node 2 (interior) : 
Node 3 (interior) : 


350 + 290 + 325 + 290 - 4 7k + -2— = 0 

2 k 


260 + 290 + 240 + 200 - 47k + -2— = 0 

k 


where k = 45 W/m.°C, h = 50 W/m 2 ,°C, e = 4 x 10 6 W/m 3 , T f = 20°C 

Substituting, Ti = 280.3°C, 7’ 2 = 369.3°C, 7 , = 303.1 C, 

(b) The rate of heat loss from the bottom surface through a 1-m long section is 


Q ^ ' ^element ,m ^ 1 


surface,/?! ^ m ^oo ) 


= h(U 2)(200 - 7^ ) + hl( 240 - 7^ ) + /i/(7j - 7^ ) + h(l / 2)(325 - ) 

= (50 W/m 2 • °C)(0.05 m x 1 m)[(200- 20)/2 + (240 - 20) + (280.3 - 20) + (325 - 20)/2]°C = 1807 W 
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5-49 A long solid body is subjected to steady two-dimensional heat transfer. The unknown nodal 
temperatures are to be determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 There is no 
heat generation in the body. 

Properties The thermal conductivity is given to be k = 45 W/m-°C. 

Analysis The nodal spacing is given to be Ax = A x = l = 0.02 m, and the general finite difference form of 
an interior node for steady two-dimensional heat conduction for the case of no heat generation is expressed 
as 


^left + 7 top 


+ bright + ^bottom “ 4 ^node “ 0 ^node - (7j eft + 7j 


top 


bright 


+r, 


bottom 


)/ 4 


There is symmetry about the horizontal, vertical, and 
diagonal lines passing through the midpoint, and thus 
we need to consider only l/8 lh of the region. Then, 

Tx = L = r 7 = t 9 

T 2 =T 4 =T 6 =T s 

Therefore, there are there are only 3 unknown nodal 
temperatures, T x , T 2 , and T 5 , and thus we need only 3 

equations to determine them uniquely. Also, we can 
replace the symmetry lines by insulation and utilize the 
mirror-image concept when writing the finite difference 
equations for the interior nodes. 

Node 1 (interior) : 7j = (1 80 + 1 80 + 2 T 2 ) / 4 

Node 2 (interior) : T 2 = (200 + T 5 + 2T { ) / 4 

Node 5 (interior) : T 5 = 4 T 2 / 4 = T 2 

Solving the equations above simultaneously gives 


150 180 200 180 150 


180 


200 


180 f 


9 < 

I % 

1 

m 

2 

•" 

3 


.4 

5 

6 


7 

8 

9 

» < 

i 4 

9 

• 


180 


200 


180 


150 180 200 180 150 


Tj = r 3 = r 7 = t 9 = i85°c 
T 2 =T 4 =T 5 =T 6 =Tx= 190°C 

Discussion Note that taking advantage of symmetry simplified the problem greatly. 
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5-50 A long solid body is subjected to steady two-dimensional heat transfer. The unknown nodal 
temperatures are to be determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 There is no 
heat generation in the body. 

Properties The thermal conductivity is given to be k = 20 W/m-°C. 

Analysis The nodal spacing is given to be Ax = A x = l = 0.01 m, and the general finite difference form of 
an interior node for steady two-dimensional heat conduction for the case of no heat generation is expressed 
as 


Lft +T' 


top 


+ bright + ^bottom “ 4r node - 0 ^ r node - (7j eft + 7j 


top 


^right 


+r, 


bottom 


) / 4 


(a) There is symmetry about the insulated surfaces as well as about the diagonal line. Therefore T 3 = T 2 , 

and T x ,T 2 , and T 4 are the only 3 unknown nodal temperatures. Thus we need only 3 equations to determine 

them uniquely. Also, we can replace the symmetry lines by insulation and utilize the mirror-image concept 
when writing the finite difference equations for the interior nodes. 

150 


Node 1 (interior) : 

7j =(180 + 180 + 73 +r 3 )/ 4 

Node 2 (interior) : 

T 2 = (200 + 73 +27j)/4 

Node 4 (interior) : 

T 4 =(2 T 2 +2T 3 )/4 

Also, 

t 3 =t 2 

Solving the equations above simultaneously gives 


180 


200 


180 


T 2 =T 3 =T 4 = 190°C 
r, = 185°C 


200 * 


9 1 

1 « 

1 2 


.3 1 


Insulated 


Insulated 


( b ) There is symmetry about the insulated surface as well as the diagonal line. Replacing the symmetry 
lines by insulation, and utilizing the mirror-image concept, the finite difference equations for the interior 
nodes can be written as 


Node 1 (interior) : 
Node 2 (interior) : 
Node 3 (interior) : 
Node 4 (interior) : 


7j =(120 + 120 + r 2 +r 3 )/4 
T 2 = (120 + 120 + r 4 + 7j ) / 4 
r 3 = (140 + 27T + r 4 )/4 = r 2 
T 4 = (2T 2 + 140 + 2T 3 ) / 4 


120 120 


100 f 


Solving the equations above simultaneously gives 
T { =T 2 = 122.9°C 


120 


140 


9 1 

l « 

1 2 

w 


3 4 m 



100 


120 


140 


T 3 =T 4 = 128.6°C 


Insulated 

Discussion Note that taking advantage of symmetry simplified the problem greatly. 
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5-51 Starting with an energy balance on a volume element, the steady two-dimensional finite difference 
equation for a general interior node in rectangular coordinates for T(x, y) for the case of variable thermal 
conductivity and uniform heat generation is to be obtained. 

Analysis We consider a volume element of size Ar x Ay x 1 centered about a general interior node (ra, n) in 

a region in which heat is generated at a constant rate of e and the thermal conductivity k is variable (see 
Fig. 5-24 in the text). Assuming the direction of heat conduction to be towards the node under 
consideration at all surfaces, the energy balance on the volume element can be expressed as 


Qcond, left ^ Scond, top + ^cond, right Q cond, bottom ^"element 


A E 


element 

At 


= 0 


for the steady case. Again assuming the temperatures between the adjacent nodes to vary linearly and 
noting that the heat transfer area is Ay x 1 in the x direction and Ar x 1 in the y direction, the energy 

balance relation above becomes 


^,»( A y xl ) 


T —T 

J m-\,n 1 m,n 

Ax 


+ k m , n (Axxl) 


T —T 

1 m,n+\ 1 m,n 


Ay 

+ k m , n (Axxl) 


k m,My X 1 ) 


T —T 

1 m+l,n 1 m,n 

Ax 


T —T 

1 m,n—\ x m,n 


Ay 


e 0 (Ax x Ay x 1) = 0 


Dividing each term by Ar x Ay x 1 and simplifying gives 
T OT I 'T T r )T' 4- T 

1 m-\,n ^ 1 m,n' 1 m+\,n 1 m,n—\ m,n ' 1 m,n + 1 ^() 


Ar‘ 


Ay 


-0 


“ m,n 


For a square mesh with Ax = Ay = l, and the relation above simplifies to 


r ^'m—l,n r ^m+ \,n ^ m,n - 1 ^ m,n + 1 + 


ej 


= 0 


m,n 


It can also be expressed in the following easy-to-remember form 


ej 


T + T + T + T — AT 4 ~° 
1 left ~ 1 top ~ 1 right ' 1 bottom node ' 


= 0 


node 
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5-52 A long solid body is subjected to steady two-dimensional heat transfer. The unknown nodal 
temperatures and the rate of heat loss from the top surface are to be determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 Heat is 
generated uniformly in the body. 

Properties The thermal conductivity is given to be k = 180 W/m-°C. 

Analysis ( a ) The nodal spacing is given to be Ax=Ax=l=0 . 1 m, and the general finite difference form of an 
interior node equation for steady two-dimensional heat conduction for the case of constant heat generation 
is expressed as 

e l 2 

T a-T a -T A- T — AT a- node — 0 

1 left ' 1 top ' z right ' 1 bottom node ' w 


There is symmetry about a vertical line passing through the middle of the region, and thus we need to 
consider only half of the region. Then, 

7j =T 2 and T 3 = T 4 


Therefore, there are there are only 2 unknown nodal temperatures, T\ and T 3 , and thus we need only 2 
equations to determine them uniquely. Also, we can replace the symmetry lines by insulation and utilize the 
mirror-image concept when writing the finite difference equations for the interior nodes. 

•/ 2 

Node 1 (interior) : 1 00 + 1 20 + T 2 + T 3 - 47j + - — = 0 

k 


Node 3 (interior) : 


150 + 200 + 7j +r 4 -4T 3 + 



= 0 


Noting that 7j = T 2 and T 3 = T 4 and Substituting, 


220 + r 3 -37j + 
350 + 7j -3 T 3 + 


(10 7 W/m 3 )(0.1 m) 2 
180 W/m-°C 
(10 7 W/m 3 )(0.1 m) 2 
180 W/m-°C 


= 0 


= 0 


The solution of the above system is 
T { =T 2 = 404 °C 
T 3 =T 4 = 436.5°C 


100 100 100 100 

120 
150 


p 1 

i m 

1 

« 

2 


e 

3 

4 

J 

• 0.1 m 

1 

m 

A 


120 

150 


200 200 200 200 


(b) The total rate of heat transfer from the top surface <2 top can be determined from an energy balance on 
a volume element at the top surface whose height is //2, length 0.3 m, and depth 1 m: 


Gtop +6*o(0.3xlx//2) + 


2k 


lx 1 120-100 


2 


/ 


+ 2kl x 1 


T x -100 




/ 


= 0 


J 


Q iop =-(10 7 W/m 3 )(0.3x0.1/2)m 3 -2(180 W/m-°C) 


^ 1 m ^ 

(120 - 100)°C + (1 m)(404 - 100)°C 


v 


2 


j 


= 263,040 W 


(per m depth) 
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5-53 EES Prob. 5-52 is reconsidered. The effects of the thermal conductivity and the heat generation rate 
on the temperatures at nodes 1 and 3, and the rate of heat loss from the top surface are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
k=180 [W/m-C] 
e_dot=1 E7 [W/m A 3] 

DELTAx=0.1 0 [m] 

DELTAy=0.1 0 [m] 
d=1 [m] "depth" 

"Temperatures at the selected nodes are also given in the figure" 

"ANALYSIS" 

"(a)" 

l=DELTAx 

T_1=T_2 "due to symmetry" 

T_3=T_4 "due to symmetry" 

"Using the finite difference method, the two equations for the two unknown temperatures are 
determined to be" 

1 20+1 20+T_2+T_3-4*T_1 +(e_dot*l A 2)/k=0 
1 50+200+T_1 +T_4-4*T_3+(e_dot*l A 2)/k=0 
"(b)" 

"The rate of heat loss from the top surface can be determined from an energy balance on a 
volume element whose height is 1/2, length 3*1, and depth d=1 m" 
-Q_dot_top+e_dot*(3Td*l/2)+2*(k*(l*d)/2*(1 20-1 00)/l+k*l*d*(T_1 -1 00)/l)=0 


k [W/m.C] 

Ti [C] 

t 3 [C] 

Oton rwi 

10 

5134 

5161 

250875 

30.53 

1772 

1799 

252671 

51.05 

1113 

1141 

254467 

71.58 

832.3 

859.8 

256263 

92.11 

676.6 

704.1 

258059 

112.6 

577.7 

605.2 

259855 

133.2 

509.2 

536.7 

261651 

153.7 

459.1 

486.6 

263447 

174.2 

420.8 

448.3 

265243 

194.7 

390.5 

418 

267039 

215.3 

366 

393.5 

268836 

235.8 

345.8 

373.3 

270632 

256.3 

328.8 

356.3 

272428 

276.8 

314.4 

341.9 

274224 

297.4 

301.9 

329.4 

276020 

317.9 

291 

318.5 

277816 

338.4 

281.5 

309 

279612 

358.9 

273 

300.5 

281408 

379.5 

265.5 

293 

283204 

400 

258.8 

286.3 

285000 
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e [W/m 3 ] 

t, rci 

t, rci 

Q,„„ [W] 

100000 

136.5 

164 

18250 

5.358E+06 

282.6 

310.1 

149697 

1.061E+07 

428.6 

456.1 

281145 

1.587E+07 

574.7 

602.2 

412592 

2.1 13E+07 

720.7 

748.2 

544039 

2.639E+07 

866.8 

894.3 

675487 

3.165E+07 

1013 

1040 

806934 

3.691E+07 

1159 

1186 

938382 

4.216E+07 

1305 

1332 

1.070E+06 

4.742E+07 

1451 

1479 

1.201E+06 

5.268E+07 

1597 

1625 

1.333E+06 

5.794E+07 

1743 

1771 

1.464E+06 

6.319E+07 

1889 

1917 

1.596E+06 

6.845E+07 

2035 

2063 

1.727E+06 

7.371E+07 

2181 

2209 

1.859E+06 

7.897E+07 

2327 

2355 

1.990E+06 

8.423E+07 

2473 

2501 

2.121E+06 

8.948E+07 

2619 

2647 

2.253E+06 

9.474E+07 

2765 

2793 

2.384E+06 

1.000E+08 

2912 

2939 

2.516E+06 
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3.0X1 0 6 
2.5X1 0 6 
2.0x1 0 6 
1.5x1 0 6 
1.0x1 0 6 
5.0X1 0 5 
0.0X10° 
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5-54 A long solid body is subjected to steady two-dimensional heat transfer. The unknown nodal 
temperatures are to be determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 There is no 
heat generation in the body. 

Properties The thermal conductivity is given to be k = 20 W/m-°C. 

Analysis The nodal spacing is given to be Av=Ar=/=0.01m, and the general finite difference form of an 
interior node for steady two-dimensional heat conduction for the case of no heat generation is expressed as 

i 2 


■^left ^top + ^right -^bottom ^^node + 


node 


= 0 


^ T| e ft +T tnn + T rir ,ut + T] 


top 


right 


bottom 


4^node 


(a) There is symmetry about a vertical line passing through the nodes 1 and 3. Therefore, T 3 = T 2 , 

T e = T 4 , and 7j , T 2 , T 4 , and T 5 are the only 4 unknown nodal temperatures, and thus we need only 4 

equations to determine them uniquely. Also, we can replace the symmetry lines by insulation and utilize the 
mirror-image concept when writing the finite difference equations for the interior nodes. 

Node 1 (interior) : 150 + 150 + 2T 2 -47j =0 

Node 2 (interior) : 200 + 7) + T 5 + T 4 -4T 2 =0 100 



(/?) There is symmetry about a vertical line passing through the middle. Therefore, T 3 = T 2 and T A = 7j . 

Replacing the symmetry lines by insulation and utilizing the mirror-image concept, the finite difference 
equations for the interior nodes 1 and 2 are determined to be 


Node 1 (interior) : 50 + 150 + 2 T 2 - 47j = 0 
Node 2 (interior) :50 + 50 + 150 + Ti - 4T 2 = 

Solving the 2 equations above 
simultaneously gives 

Ti = T 4 = 92.9°C, T 2 = T 3 = 85.7°C 

Discussion Note that taking advantage of 
symmetry simplified the problem greatly. 



PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 








5-45 


5-55 Heat conduction through a long L-shaped solid bar with specified boundary conditions is considered. 
The unknown nodal temperatures are to be determined with the finite difference method. 


Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 Thermal 
conductivity is constant. 3 Heat generation is uniform. 


Properties The thermal conductivity is given to 
be k = 45 W/m-°C. 

Analysis ( a ) The nodal spacing is given to be 
Aa-Aa -/=().() 1 5 m, and the general finite 
difference form of an interior node for steady 
two-dimensional heat conduction for the case of 
constant heat generation is expressed as 

Tieft + T top + bright + bottom “ 47^ + = 0 


h, ^ 



We observe that all nodes are boundary nodes except node 5 that is an interior node. Therefore, we will 
have to rely on energy balances to obtain the finite difference equations. Using energy balances, the finite 
difference equations for each of the 8 nodes are obtained as follows: 

1,1 , l T ? -T , l Ta-T, l 2 

Node 1: q r - + /z-(7U -T) + k l - + k l - + e n — = 0 

L 2 2 1 2 / 2 1 0 4 


/ T -72 l 72 -72 72 -72 

Node 2: hl(T^-T 2 ) + k 1 2 - + k + kl — - 


Node 3: hl(T^ -T 3 ) + k 


2 / 

Lhzh 

2 / 


2 / 


/ 72-72 


2 / 


/ 


+ e c\ — — 0 


. r 

+ e 0 — — 0 
2 


4 


it-t a / 120-72 72-72 / 2 

Node 4: qJ + k l - + k *- + kl— - + e 0 — = 0 

2 1 2 1 12 

Node 5: T 4 +T 2 + 7" 6 +120- 4T 5 + ^— = 0 


/ 72 -72 72-72 120 -72 /72-72 3/ 2 

Node 6: hl(T^ -T 6 ) + k- 3 - - + kl 5 - 6 +kl 7 -^ + k- 7 - , 6 - + i 0 


= 0 


2 / 


/ 


/ 


2 / 


4 


/ 72 72 Z72-72 120-72 l 1 „ 

Node 7: hl(T^-T 7 ) + k - + k - + kl - + e 0 — = 0 

7 2 l 2 1 l ° 2 


1 IT, -To l 120-77 / 2 

Node 8: h-(T,-To) + k 7 - + k - + <? 0 — = 0 

2 2/ 2 / 4 

where e 0 = 5xl0 6 W/m 3 , q L =8000W/m 2 , / = 0.015 m, k = 45 W/m-°C, h = 55 W/m 2 -°C, and 72, 

=30°C. This system of 8 equations with 8 unknowns is the finite difference formulation of the problem. 

( b ) The 8 nodal temperatures under steady conditions are determined by solving the 8 equations above 
simultaneously with an equation solver to be 

T\ = 163.6°C, T 2 = 160.5°C, T 3 = 156.4°C, T 4 = 154.0°C, T 5 = 151.0°C, T 6 = 144.4°C, 
r 7 = 134.5°C, r 8 = 132.6°C 

Discussion The accuracy of the solution can be improved by using more nodal points. 
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5-56E A long solid bar is subjected to steady two-dimensional heat transfer. The unknown nodal 
temperatures and the rate of heat loss from the bar through a 1-ft long section are to be determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 Heat is 
generated uniformly in the body. 3 The heat transfer coefficient also includes the radiation effects. 

Properties The thermal conductivity is given to be k = 16 Btu/h.ft-°C. 


Analysis The nodal spacing is given to be Av=Ar=/=0.25 ft, and the general finite difference form of an 
interior node for steady two-dimensional heat conduction is expressed as 


6? / ^ 

T a -T a-T A- T — AT a- node — 0 

1 left ' 1 top ' right ' 1 bottom ^ ‘ node ~ u 

(a) There is symmetry about the vertical, horizontal, and 
diagonal lines passing through the center. Therefore, 

T\ = T 3 = T 7 = T 9 and T 2 = T 4 =T 6 = T s , and 7j , r 2 , and T 5 are 

the only 3 unknown nodal temperatures, and thus we need 
only 3 equations to determine them uniquely. Also, we can 
replace the symmetry lines by insulation and utilize the mirror- 
image concept for the interior nodes. 

The finite difference equations for boundary nodes are 
obtained by applying an energy balance on the volume 
elements and taking the direction of all heat transfers to be 
towards the node under consideration: 


h, ^ 


K ^ 


1 2 3 


6 

h, 

9 



h, ^ 


Node 1 ( convection) : 
Node 2 ( convection) : 
Node 5 (interior) : 


2k — — — — + 2h — (T^ -T x ) + ^— = 0 
2 1 2 1 4 


2k 


1 t x -t 2 

2 l 


4 T 2 -4 T 5 + 


+ kl 


ej 


T* -Tn 


e 0 l 


+ hl(T ao -T 2 ) + -X— = 0 


= 0 


where e 0 = 0. 19 x 10 5 Btu/h • ft 3 , / = 0.25 ft, k = 16 Btu/h.ft-°F, h =7.9 Btu/h.ft 2 -°F, and =70°F. The 3 

nodal temperatures under steady conditions are determined by solving the 3 equations above 
simultaneously with an equation solver to be 

7j =T 3 =T-j =T 9 = 361.89°F, 

T 2 =T 4 =T 6 =Tx = 379.37°F, T 5 = 397.93°F 


(, b ) The rate of heat loss from the bar through a 1-ft long section is determined from an energy balance on 
one-eight section of the bar, and multiplying the result by 8: 


Q 8 X one— eight section, conv ^ X 


h l -{T x -T x ) + h l -(T 2 -T x ) 


(1 ft) = 8 x A T [jj +t 2 - 2T x )](1 ft) 


= 8(7.9 Btu/h • ft 2 • °F)(0.25/2 ft)(l ft) [361 .89 + 379.37 - 2 x 70]°F 
= 4750 Btu/h (per ft flength) 


Discussion Under steady conditions, the rate of heat loss from the bar is equal to the rate of heat 
generation within the bar per unit length, and is determined to be 

Q = F 2en = e 9 V = (0.19x10 5 Btu/h.ft 3 )(0.5 ft x 0.5 ft x 1 ft) = 4750 Btu/h (per ft length) 


which confirms the results obtained by the finite difference method. 
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5-57 Heat transfer through a square chimney is considered. The nodal temperatures and the rate of heat loss 
per unit length are to be determined with the finite difference method. 


Assumptions 1 Heat transfer is given to be steady and two-dimensional since the height of the chimney is 
large relative to its cross-section, and thus heat conduction through the chimney in the axial direction is 
negligible. It is tempting to simplify the problem further by considering heat transfer in each wall to be one 
dimensional which would be the case if the walls were thin and thus the corner effects were negligible. 
This assumption cannot be justified in this case since the walls are very thick and the corner sections 
constitute a considerable portion of the chimney structure. 2 There is no heat generation in the chimney. 3 
Thermal conductivity is constant. 


Properties The thermal conductivity and emissivity 
are given to be k = 1.4 W/m-°C and 8 = 0.9. 

Analysis (a) The most striking aspect of this 
problem is the apparent symmetry about the 
horizontal and vertical lines passing through the 
midpoint of the chimney. Therefore, we need to 
consider only one-fourth of the geometry in the 
solution whose nodal network consists of 10 equally 
spaced nodes. No heat can cross a symmetry line, 
and thus symmetry lines can be treated as insulated 
surfaces and thus “mirrors” in the finite-difference 
formulation. Considering a unit depth and using the 
energy balance approach for the boundary nodes 
(again assuming all heat transfer to be into the 
volume element for convenience), the finite 
difference formulation is obtained to be 




ho, T 0 


sky 


2 


Insulated 

9 1 


9 


I 

5 6 

dot gases 

7 

h h Ti 

V 


Insulated 


8 


10 


Node 1: h 0 l -(T 0 -T x ) + k + * {^ L+ sa \l T X + 27 3) 4 ] = 0 

Node 2: h o l(T 0 -T 2 ) + k'- Tllll. + k L hzR + k [ + ^[7^ - (T 2 + 273) 4 ] = 0 

t L l 

Node 3 : h o l(T 0 -T 3 ) + k l - ^2 + k'- + kl + sal[T^ - (T 3 + 273) ' 4 ] = 0 

Node 4: h o l(T 0 -T A ) + k l - + k L I±Zl± + eal[T ^ _ (j 4 + 273) 4 ] = 0 


Node 5: 
Node 6: 
Node 7: 
Node 8: 
Node 9: 
Node 10: 


2 2 1 2 1 


hATl -T 6) + kLIlzlL + k LIlzlL + kI IlzlL = 0 


2 l 


2 l 


l 


h i i(T i -T 1 ) + k 


i r 6 -r 7 . 2^ 


2 / 


2 / 


/ 


/ 


Wo + ^ 


/r 4 -r 8 _ zr in -r« _.r 7 -t 


10 * 8 


2 / 


2 / 


kl 


£<J l\Tsk y - (^8 + 273) 4 ] = 0 


hl L (ri - T 9 )+ kL^ +k LI^ = o 

1 2 1 2 1 2 1 


K l - (To - T w ) + kL T JL-L!L- + . k 1 -- t jl2±!L- + . L\ [T* ky {T m +: 273 )' ] = ' ° 
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where / = 0.1 m, k = 1.4 W/m-°C, h x = 75 W/m 2 -°C, T x =280°C, h Q = 18 W/m 2 -°C, T 0 = 15°C, r surr =250 K, 8 
= 0.9, and a = 5.67x10’ W/m .K . This system of 10 equations with 10 unknowns constitutes the finite 
difference formulation of the problem. 

( b ) The 10 nodal temperatures under steady conditions are determined by solving the 10 equations above 
simultaneously with an equation solver to be 

r! = 94.5°C, r 2 = 93.0°C, r 3 = 82.1°C, r 4 = 36.1°C, r 5 = 250.6°C, 

T e = 249.2°C, r 7 = 229.7°C, r 8 = 82.3°C, T 9 = 261.5°C, r 10 = 94.6°C 

(c) The rate of heat loss through a 1-m long section of the chimney is determined from 


Q 'j ^one-fourth of chimney ^element, inner surface ^surface , m C T x ~ " T m ) 


m 


= 4l* f (/ / 2)(r f - r 5 ) + - r 6 ) + w, - t 7 ) + K (/ / 2)(r f - r 9 )] 

= 4(75 W/m 2 • °C)(0. 1 m x 1 m)[(280 - 250.6)/2 + (280 - 249.2) + (280 - 229.7) + (280 - 26 1 .5)/2]°C 

= 3153 W 


Discussion The rate of heat transfer can also be determined by calculating the heat loss from the outer 
surface by convection and radiation. 
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5-58 Heat transfer through a square chimney is considered. The nodal temperatures and the rate of heat loss 
per unit length are to be determined with the finite difference method. 

Assumptions 1 Heat transfer is given to be steady and two-dimensional since the height of the chimney is 
large relative to its cross-section, and thus heat conduction through the chimney in the axial direction is 
negligible. It is tempting to simplify the problem further by considering heat transfer in each wall to be one 
dimensional which would be the case if the walls were thin and thus the corner effects were negligible. 

This assumption cannot be justified in this case since the walls are very thick and the corner sections 
constitute a considerable portion of the chimney structure. 2 There is no heat generation in the chimney. 3 
Thermal conductivity is constant. 4 Radiation heat transfer is negligible. 


Properties The thermal conductivity of chimney is 
given to be k = 1.4 W/m-°C. 

Analysis ( a ) The most striking aspect of this 
problem is the apparent symmetry about the 
horizontal and vertical lines passing through the 
midpoint of the chimney. Therefore, we need to 
consider only one-fourth of the geometry in the 
solution whose nodal network consists of 10 equally 
spaced nodes. No heat can cross a symmetry line, 
and thus symmetry lines can be treated as insulated 
surfaces and thus “mirrors” in the finite-difference 
formulation. Considering a unit depth and using the 
energy balance approach for the boundary nodes 
(again assuming all heat transfer to be into the 
volume element for convenience), the finite 
difference formulation is obtained to be 


K , T 0 

12 3 4 



Node 1: 



L(T 0 - Tl ) + k 


Lhzh 

2 l 


k 


1 t 5 -t x 

2 / 


= 0 


Node 2: h o l(T 0 -T 2 ) + k — — +k— IlzZl. + L— 2. - 0 


2 / 


/ 


/ 


Node 3: h o l(T 0 -T 3 ) + k 


l To -72 , l 72-72 


2 3 

/ 


2 / 


kl 


72 -72 


= 0 


Node 4: h o l(T 0 -T 4 ) + k - T — T - + k - T * 7 4 =0 


/ 


2 / 


/ / 72 -72 / 7j -72 

Node 5: /?,• - (7) - 72 ) + k - + k 1 - = 0 

2 2 1 2 1 


l 72 — 72 / 72 — 72 72 — 72 

Node 6: h i l{T i -T 6 ) + k - + k - + kl — ^- = 0 


2 / 


/ 


/ 


Node 7 : /^/(T) - T 7 ) + k 


l T 6 -r 7 . / To -T 


9 1 7 


kl 


t 3 -t 7 


kl 


72 -72 


= 0 


Node 8: h a l(T {) - T$) + k 




/ 


2 / 


/ 


/ / 72 -72 / r in - To 

Node 9: h-. — (72- -To) + k - + k ^- = 0 

2 2 1 2 1 


l — ~ T$ 7j 0 | ^ l T 9 7j 0 _ q 


Node 10: h o -(T 0 -T l0 ) + k ^ ^ 


2 l 
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where / = 0.1 m, k = 1.4 W/m-°C, h x = 75 W/m 2 -°C, T x =280°C, h Q = 18 W/m 2 -°C, T 0 =15°C, and a = 
5.67x10’ W/m .K . This system of 10 equations with 10 unknowns constitutes the finite difference 
formulation of the problem. 

( b ) The 10 nodal temperatures under steady conditions are determined by solving the 10 equations above 
simultaneously with an equation solver to be 

r! = 118.8 0 C, r 2 = 116.7°C, r 3 = 103.4°C, r 4 = 53.7°C, T 5 = 254.4°C, 

r 6 = 253.0°C, T 7 = 235.2°C, r 8 = 103.5°C, T 9 = 263.7°C, r 10 =117.6°C 

(c) The rate of heat loss through a 1-m long section of the chimney is determined from 


Q ^one-fourth of chimney ^element, inner surface -^surface , m Vi- T m ) 


m 


= 4 [hi (/ / 2)(T i - t 5 ) + - r 6 ) + h { i{T t - t 7 ) + \ (/ / 2)(r f - r 9 )] 

= 4(75 W/m 2 • °C)(0. 1 m x 1 m)[(280 - 254.4)/2 + (280 - 253.0) + (280 - 235.2) + (280 - 263.7)/2]°C 

= 2783 W 


Discussion The rate of heat transfer can also be determined by calculating the heat loss from the outer 
surface by convection. 
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5-59 EES Prob. 5-57 is reconsidered. The effects of hot-gas temperature and the outer surface emissivity 
on the temperatures at the outer corner of the wall and the middle of the inner surface of the right wall, and 
the rate of heat loss are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
k=1 .4 [W/m-C] 

A_flow=0.20*0.40 [m A 2] 
t=0.10 [m] 

T_i=280 [C] 

h i=75 [W/m A 2-C] 

T_o=1 5 [C] 
h_o=18 [W/m A 2-C] 
epsilon=0.9 
T_sky=250 [K] 

DELTAx=0.1 0 [m] 

DELTAy=0.1 0 [m] 

d=1 [m] ‘‘unit depth is considered" 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

"ANALYSIS" 

"(b)" 

l=DELTAx 

"We consider only one-fourth of the geometry whose nodal network consists of 1 0 nodes. Using 
the finite difference method, 10 equations for 10 unknown temperatures are determined to be" 
h_o*l/2*(T_o-T_1 )+k*l/2*(T_2-T_1 )/l+k*l/2*(T_5-T_1 )/l+epsilon*sigma*l/2*(T_sky A 4- 
(T_1+273) A 4)=0 "Node 1" 

h_o*l*(T_o-T_2)+k*l/2*(T_1 -T_2)/l+k*l/2*(T_3-T_2)/l+kT(T_6-T_2)/l+epsilon*sigmaT(T_sky A 4- 
(T_2+273) A 4)=0 "Node 2" 

h_oT(T_o-T_3)+k*l/2*(T_2-T_3)/l+k*l/2*(T_4-T 3)/l+kT(T_7-TJ3)/l+epsilon*sigmaT(T sky A 4- 
(T_3+273) A 4)=0 "Node 3" 

h_o*l*(T_o-T_4)+k*l/2*(T_3-T_4)/l+k*l/2*(T_8-T_4)/l+epsilon*sigma*l*(T_sky A 4-(T_4+273) A 4)=0 
"Node 4" 

h i*l/2*(T i-T 5)+k*l/2*(T 6-T 5)/l+k*l/2*(T_1 -T_5)/l=0 "Node 5" 

h_iT(TJ-T_6)+k*l/2*(T_5-T_6)/l+k*l/2*(T_7-T_6)/l+kT(T_2-T_6)/l=0 "Node 6" 
h_i*l*(TJ-T_7)+k*l/2*(T_6-T_7)/l+k*l/2*(T_9-T_7)/l+k*l*(T_3-T_7)/l+k*l*(T_8-T_7)/l=0 "Node 7" 
h_o*l*(T_o-T_8)+k*l/2*(T_4-T_8)/l+k*l/2*(T_10-T_8)/l+k*l*(T_7-T__8)/l+epsilon*sigma*l*(T_sky A 4- 
(T_8+273) A 4)=0 "Node 8" 

h_i*l*(T_i-T_9)+k*l/2*(T_7-T_9)/l+k*l/2*(T_1 0-T_9)/l=0 ’ Node 9" 

h_o*l/2*(T_o-T_1 0)+k*l/2*(T_8-T_1 0)/l+k*l/2*(T_9-T_1 0)/l+epsilon*sigma*l/2*(T_sky A 4- 

(T_1 0+273) A 4)=0 "Node 10" 

"Right top corner is considered. The locations of nodes are as follows:" 

"Node 1 : Middle of top surface 
Node 2: At the right side of node 1 
Node 3: At the right side of node 2 
Node 4: Corner node 

Node 5: The node below node 1 , at the middle of inner top surface 

Node 6: The node below node 2 

Node 7: The node below node 3, at the inner corner 

Node 8: The node below node 4 

Node 9: The node below node 7, at the middle of inner right surface 
Node 10: The node below node 8, at the middle of outer right surface" 

T_corner=T_4 

TJnner_middle=T_9 

"(c)" 
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"The rate of heat loss through a unit depth d=1 m of the chimney is" 
Q_dot=4*(h_i*l/2*d*(TJ-T_5)+h_i*l*d*(T_i-T_6)+h_i*l*d*(TJ-T_7)+h_i*l/2*d*(T_i-T_9)) 


Ti rci 

T corner [C] 

Tjnner, middle [C] 

OfW] 

200 

28.38 

187 

2206 

210 

29.37 

196.3 

2323 

220 

30.35 

205.7 

2441 

230 

31.32 

215 

2559 

240 

32.28 

224.3 

2677 

250 

33.24 

233.6 

2796 

260 

34.2 

242.9 

2914 

270 

35.14 

252.2 

3033 

280 

36.08 

261.5 

3153 

290 

37.02 

270.8 

3272 

300 

37.95 

280.1 

3392 

310 

38.87 

289.3 

3512 

320 

39.79 

298.6 

3632 

330 

40.7 

307.9 

3752 

340 

41.6 

317.2 

3873 

350 

42.5 

326.5 

3994 

360 

43.39 

335.8 

4115 

370 

44.28 

345.1 

4237 

380 

45.16 

354.4 

4358 

390 

46.04 

363.6 

4480 

400 

46.91 

372.9 

4602 


8 

T corner [C] 

Tjnner, middle [C] 

Q[W] 

0.1 

51.09 

263.4 

2836 

0.15 

49.87 

263.2 

2862 

0.2 

48.7 

263.1 

2886 

0.25 

47.58 

262.9 

2909 

0.3 

46.5 

262.8 

2932 

0.35 

45.46 

262.7 

2953 

0.4 

44.46 

262.5 

2974 

0.45 

43.5 

262.4 

2995 

0.5 

42.56 

262.3 

3014 

0.55 

41.66 

262.2 

3033 

0.6 

40.79 

262.1 

3052 

0.65 

39.94 

262 

3070 

0.7 

39.12 

261.9 

3087 

0.75 

38.33 

261.8 

3104 

0.8 

37.56 

261.7 

3121 

0.85 

36.81 

261.6 

3137 

0.9 

36.08 

261.5 

3153 

0.95 

35.38 

261.4 

3168 

1 

34.69 

261.3 

3183 
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Tj [C] 
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5-60 The exposed surface of a long concrete damn of triangular cross-section is subjected to solar heat flux 
and convection and radiation heat transfer. The vertical section of the damn is subjected to convection with 
water. The temperatures at the top, middle, and bottom of the exposed surface of the damn are to be 
determined. 

Assumptions 1 Heat transfer through the damn is given to be steady and two-dimensional. 2 There is no 
heat generation within the damn. 3 Heat transfer through the base is negligible. 4 Thermal properties and 
heat transfer coefficients are constant. 


Properties The thermal conductivity and solar absorptivity are given to be k = 0.6 W/m-°C and a s = 0.7. 

Analysis The nodal spacing is given to be Ax=Ax=l= l m, and all nodes are boundary nodes. Node 5 on the 
insulated boundary can be treated as an interior node for which 7j eft + T top + T right + T bottom -4 T node = 0 . 

Using the energy balance approach and taking the direction of all heat transfer to be towards the node, the 
finite difference equations for the nodes are obtained to be as follows: 


Node 1: h ( ~{T i -T { ) + k- Tl ^ + -^- 

2 2 / sin 45 


Node 4: 


Node 6: 


[a s q s + h 0 (T 0 -7’ l )]=0 


Node 2: ^/(T^ -7j) + k 


l 7j -T 2 


l T a -T, 


kl 


To - T , 


= 0 


T'y ~ Tc — To 

Node 3: kl *- + kl 5 3 


/ 


/ 


/ 


sin 45 


+h 0 (T 0 -T 3 )\ = 0 


l 


l T,-T a 


h i -(T i -T A ) + k 
2 2 l 


1 t 5 -t 4 

2 l 


= 0 


Node 5: T 4 +2T 3 +T 6 -4T 5 =0 


/ T,-T f 


U2 


l 


sin 45 


[a s q s + h 0 (T 0 -T 6 )] = 0 



where / = 1 m, k = 0.6 W/m-°C, h x =150 W/m-°C, T x =15°C, h Q = 30 W/m 2 -°C, T 0 =25°C, a s = 0.7, and 
q s = 800 W/m . The system of 6 equations with 6 unknowns constitutes the finite difference formulation 

of the problem. The 6 nodal temperatures under steady conditions are determined by solving the 6 
equations above simultaneously with an equation solver to be 


T\ = T top =21.3°C, T 2 =15.1°C, T 3 = r middle =43.2°C 

T a =15.1°C, T 5 =36.3°C, T 6 = T bottom =43.6°C 

Discussion Note that the highest temperature occurs at a location furthest away from the water, as 
expected. 
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5-61E The top and bottom surfaces of a V-grooved long solid bar are maintained at specified temperatures 
while the left and right surfaces are insulated. The temperature at the middle of the insulated surface is to 
be determined. 


Assumptions 1 Heat transfer through the bar is given to be steady and two-dimensional. 2 There is no heat 
generation within the bar. 3 Thermal properties are constant. 

Analysis The nodal spacing is given to be Ax=Ay=l= 1 ft, and the general finite difference form of an 
interior node for steady two-dimensional heat conduction with no heat generation is expressed as 

e l 2 

T a -T a-T A- T — AT a- node — n v t a-T a-T a-T — AT — 0 

1 left ' -* top ' -* right ' 1 bottom node ' , yj 7 1 left ' 1 top ' x right ' 1 bottom 


node 


There is symmetry about the vertical plane passing through the center. Therefore, T\ = Tg, T 2 = T\q,T 3 = T 11? 
T a = r 7 , and T 5 = T 8 . Therefore, there are only 6 unknown nodal temperatures, and thus we need only 6 
equations to determine them uniquely. Also, we can replace the symmetry lines by insulation and utilize the 
mirror-image concept when writing the finite difference equations for the interior nodes. 


The finite difference equations for boundary nodes are obtained by applying an energy balance on 
the volume elements and taking the direction of all heat transfers to be towards the node under 
consideration: 



simultaneously with an equation solver to be 

T\ = 44.7°F, T 2 = 82.8°F, r 3 =143.4°F, r 4 = 71.6°F, r 5 =139.4°F, r 6 =130.7°F 
Therefore, the temperature at the middle of the insulated surface will be T 2 = 82.8°F. 
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5-62E EES Prob. 5-61E is reconsidered. The effects of the temperatures at the top and bottom surfaces on 
the temperature in the middle of the insulated surface are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_top=32 [F] 

T_bottom=212 [F] 

DELTAx=1 [ft] 

DELTAy=1 [ft] 

"ANALYSIS" 

l=DELTAx 

T_1=T_9 "due to symmetry" 

T_2=T_10 "due to symmetry" 

T_3=T_1 1 "due to symmetry" 

T_4=T_7 "due to symmetry" 

T_5=T_8 "due to symmetry" 

"Using the finite difference method, the six equations for the six unknown temperatures are 
determined to be" 

"k*l/2*(T_top-T_1 )/l+kT(T_top-T_1 )/l+k*l/2*(T_2-T_1 )/l=0 simplifies to for Node 1" 
1/2*(T_top-T_1 )+(T_top-T_1 )+1/2*(T_2-T_1 )=0 'Node 1" 

T_1 +2*T_4+T_3-4*T_2=0 "Node 2" 

T_2+T_bottom+2*T_5-4*T_3=0 Node 3" 

2*T_top+T_2+T_5-4*T_4=0 Node 4" 

T_3+T_bottom+T_4+T_6-4*T_5=0 "Node 5" 

T_top+T_bottom+2*T_5-4*T_6=0 'Node 6" 


Tfon [FI 

t 2 [F] 

32 

82.81 

41.47 

89.61 

50.95 

96.41 

60.42 

103.2 

69.89 

110 

79.37 

116.8 

88.84 

123.6 

98.32 

130.4 

107.8 

137.2 

117.3 

144 

126.7 

150.8 

136.2 

157.6 

145.7 

164.4 

155.2 

171.2 

164.6 

178 

174.1 

184.8 

183.6 

191.6 

193.1 

198.4 

202.5 

205.2 

212 

212 
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Tbottom [F] 

TUF] 

32 

32 

41.47 

34.67 

50.95 

37.35 

60.42 

40.02 

69.89 

42.7 

79.37 

45.37 

88.84 

48.04 

98.32 

50.72 

107.8 

53.39 

117.3 

56.07 

126.7 

58.74 

136.2 

61.41 

145.7 

64.09 

155.2 

66.76 

164.6 

69.44 

174.1 

72.11 

183.6 

74.78 

193.1 

77.46 

202.5 

80.13 

212 

82.81 



^"bottom 


5-63 The top and bottom surfaces of an L-shaped long solid bar are maintained at specified temperatures 
while the left surface is insulated and the remaining 3 surfaces are subjected to convection. The finite 
difference formulation of the problem is to be obtained, and the unknown nodal temperatures are to be 
determined. 


Assumptions 1 Heat transfer through the bar is given to be steady and two-dimensional. 2 There is no heat 
generation within the bar. 3 Thermal properties and heat transfer coefficients are constant. 4 Radiation heat 
transfer is negligible. 


Properties The thermal conductivity is given to be k = 5 W/m-°C. 

Analysis (a) The nodal spacing is given to be Ax=Ax=l=0. 1 
m, and all nodes are boundary nodes. Node 1 on the insulated 
boundary can be treated as an interior node for 
which + T top + + T\^ 0 [i 0m ~ 4T noc j e — 0 . Using the 

energy balance approach and taking the direction of all heat 
transfer to be towards the node, the finite difference 
equations for the nodes are obtained to be as follows: 

Node 1: 50 + 120 + 2r 2 -47j =0 


/ 50-73 / 73 -73 

Node 2: hl(T x -T 2 ) + k 2 - + k 3 2 


2 / 


/ 


kl 


t -73 


kl 


Node 3: hl{T^ -T 3 ) + k- T l — ^ + k - U °- T ?- = 0 


/ 


2 / 



/ 


where / = 0.1 m, k = 5 W/m-°C, h = 40 W/m 9 -°C, and 73 =25°C. This system of 3 equations with 3 
unknowns constitute the finite difference formulation of the problem. 

(b) The 3 nodal temperatures under steady conditions are determined by solving the 3 equations above 
simultaneously with an equation solver to be 

Ti = 78.8°C, T 2 = 72.7°C, T 3 = 64.6°C 
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5-64 A rectangular block is subjected to uniform heat flux at the top, and iced water at 0°C at the sides. 
The steady finite difference formulation of the problem is to be obtained, and the unknown nodal 
temperatures as well as the rate of heat transfer to the iced water are to be determined. 

Assumptions 1 Heat transfer through the body is given to be steady and two-dimensional. 2 There is no 
heat generation within the block. 3 The heat transfer coefficient is very high so that the temperatures on 
both sides of the block can be taken to be 0°C. 4 Heat transfer through the bottom surface is negligible. 


Properties The thermal conductivity is given to be k = 23 W/m-°C. 


Analysis The nodal spacing is given to be 
Ax=Ax=l=0. 1 m, and the general finite 
difference form of an interior node equation for 
steady 2-D heat conduction is expressed as 

e l 2 

^left + ^top + bright + ^bottom ” 47 m>de + = 0 

^left + ^top + ^right + ^bottom - 4 ^node = 0 

There is symmetry about a vertical line passing 
through the middle of the region, and we need to 
consider only half of the region. Note that all 
side surfaces are at Tq = 0°C, and there are 8 
nodes with unknown temperatures. Replacing the 
symmetry lines by insulation and utilizing the 
mirror-image concept, the finite difference 
equations are obtained to be as follows: 


6 kW heater Insulated 



Node 1 (heat flux): q 0 l + k — 

^2 


l To-T, . l T 5 -T l . ,J 2 -T x 


+ k — 
2 


Node 2 (interior): T 0 + 7j + T 3 + T 6 -4 T 2 =0 

Node 3 (interior): T 0 + T 2 + T A + r 7 -473 = 0 

Node 4 (insulation): T 0 + 2 T 3 + r 8 - 4 T 4 = 0 

Node 5 (heat flux): q {) l-\-k — — — — + kl — — ^-+0 = 0 

2 / / 


Node 6 (interior): T 2 +T 5 +T 6 +T 7 -4 T 6 = 0 
Node 7 (interior): T 3 + T 6 + T 7 + T 8 - 4 T 7 = 0 
Node 8 (insulation): T 4 + 2T 7 +T 8 -4T 8 = 0 

where Z = 0.1 m, k = 23 W/m-°C, T 0 =0°C, and q 0 = Q 0 / A = (6000 W)/(5 x 0.5 m 2 ) = 2400 W/m 2 . This 
system of 8 equations with 8 unknowns constitutes the finite difference formulation of the problem. 

(b) The 8 nodal temperatures under steady conditions are determined by solving the 8 equations above 
simultaneously with an equation solver to be 

Ti = 13.7°C, T 2 = 7.4°C, T 3 = 4.7°C, T A = 3.9°C, T 5 = 19.0°C, T 6 = 11.3°C, T 7 = 7.4°C, T 8 = 6.2°C 

(c) The rate of heat transfer from the block to the iced water is 6 kW since all the heat supplied to the block 
from the top must be equal to the heat transferred from the block. Therefore, <2 = 6 kW . 

Discussion The rate of heat transfer can also be determined by calculating the heat loss from the side 
surfaces using the heat conduction relation. 
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Transient Heat Conduction 

5-65C The formulation of a transient heat conduction problem differs from that of a steady heat 
conduction problem in that the transient problem involves an additional term that represents the change in 

the energy content of the medium with time. This additional term pAAxc - T ' m ) / At represent the 
change in the internal energy content during At in the transient finite difference formulation. 

5-66C The two basic methods of solution of transient problems based on finite differencing are the explicit 
and the implicit methods. The heat transfer terms are expressed at time step i in the explicit method, and at 
the future time step i + 1 in the implicit method as 

j’ /+1 j’ i 

Explicit method: i Q ^"gen, element P ^element ^ p . 

All sides 

y i + 1 y i 

Implicit method: le ^gen, element P ^element ^ p . 

All sides ^ 


5-67C The explicit finite difference formulation of a general interior node for transient heat conduction in a 

e l Ax 2 T i+l - T l 

plane wall is given by T l m _ x - 2 T l m + T‘ n+l + — = — — . The finite difference formulation for the 


steady case is obtained by simply setting T^ x = T l m and disregarding the time index i. It yields 


T m - 1 ~ 2T m + T m + 1 + 




5-68C The explicit finite difference formulation of a general interior node for transient two-dimensional 

e x l 1 

heat conduction is given by 7^ = t(T^ + + r r ; ght + 7’^ ollom ) + (1 - 4r)7’ n I ode + r gno ^ e . The finite 

difference formulation for the steady case is obtained by simply setting 7^ +1 = T l m and disregarding the 
time index i. It yields 


T 4 - T +T 4 . T -AT 
1 left 1 top 1 right 1 bottom 1 node 


^nodJ 


0 


5-69C There is a limitation on the size of the time step At in the solution of transient heat conduction 
problems using the explicit method, but there is no such limitation in the implicit method. 

5-70C The general stability criteria for the explicit method of solution of transient heat conduction 
problems is expressed as follows: The coefficients of all T l m in the T f 'f l expressions ( called the primary 
coefficient ) in the simplified expressions must be greater than or equal to zero for all nodes m. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



5-60 


5-71 C For transient one-dimensional heat conduction in a plane wall with both sides of the wall at 
specified temperatures, the stability criteria for the explicit method can be expressed in its simplest form as 

aAt 1 

T = — < — 

(Ax) 2 2 


5-72C For transient one-dimensional heat conduction in a plane wall with specified heat flux on both sides, 
the stability criteria for the explicit method can be expressed in its simplest form as 

aAt 1 

T = — < — 

(Ay) 2 2 

which is identical to the one for the interior nodes. This is because the heat flux boundary conditions have 
no effect on the stability criteria. 


5-73C For transient two-dimensional heat conduction in a rectangular region with insulation or specified 
temperature boundary conditions, the stability criteria for the explicit method can be expressed in its 
simplest form as 

aAt 1 

T = — < — 

(Ay) 2 4 

which is identical to the one for the interior nodes. This is because the insulation or specified temperature 
boundary conditions have no effect on the stability criteria. 


5-74C The implicit method is unconditionally stable and thus any value of time step At can be used in the 
solution of transient heat conduction problems since there is no danger of unstability. However, using a 
very large value of At is equivalent to replacing the time derivative by a very large difference, and thus the 
solution will not be accurate. Therefore, we should still use the smallest time step practical to minimize the 
numerical error. 
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5-75 A plane wall with no heat generation is subjected to specified temperature at the left (node 0) and heat 
flux at the right boundary (node 6). The explicit transient finite difference formulation of the boundary 
nodes and the finite difference formulation for the total amount of heat transfer at the left boundary during 
the first 3 time steps are to be determined. 


Assumptions 1 Heat transfer through the wall is given to be 
transient, and the thermal conductivity to be constant. 2 Heat 
transfer is one-dimensional since the plate is large relative to its 
thickness. 3 There is no heat generation in the medium. 

Analysis Using the energy balance approach and taking the 
direction of all heat transfers to be towards the node under 
consideration, the explicit finite difference formulations become 

Left boundary node: 

Right boundary node: 


T£ = T 0 = 50°C 


n -n 


A 


+<io =p^~ c p 


rjl / + 1 r-p 1 

1 6 ~ J 6 


A f 



Heat transfer at left surface: 


Q 


left surface 


+ M 


Tj -T 0 

Ax 


. Ax 

‘ fA T c ’ 


Tj +l -T t 

At 


Noting that Q = QAt = ^ Q' At , the total amount of heat transfer becomes 


Q\eii surface — 6 left surface^ 


i=\ 


i = 1 


’T’ rri i \ r T' i' + l rjl i ^ 

At 2 1 At 


At 


5-76 A plane wall with variable heat generation and constant thermal conductivity is subjected to uniform 
heat flux q 0 at the left (node 0) and convection at the right boundary (node 4). The explicit transient finite 

difference formulation of the boundary nodes is to be determined. 

Assumptions 1 Heat transfer through the wall is given to be transient, and the thermal conductivity to be 
constant. 2 Heat transfer is one-dimensional since the wall is large relative to its thickness. 3 Radiation heat 
transfer is negligible. 

Analysis Using the energy balance approach and taking the 
direction of all heat transfers to be towards the node under 
consideration, the explicit finite difference formulations 
become 

Left boundary node: 

7 ’ i nr* i » nr i'+l nn / 

1 1 O . . / AX 1ft i ft 

kA — + q^A + e () ( AAx / 2) = pA — c 

At 2 1 At 

Right boundary node: 

r ~T' i r-f -1 i . r-r i / + 1 r-r r / 

1 i 1 a : : ; AX 1 A 1 A 

kA — + M(rf - Tl ) + e\ ( AAx / 2) = pA — c„ — 

Ajc 2 At 


e(x, t) 


Ax 


0 12 3 4 


h, T 0 
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5-77 A plane wall with variable heat generation and constant thermal conductivity is subjected to uniform 
heat flux q 0 at the left (node 0) and convection at the right boundary (node 4). The explicit transient finite 

difference formulation of the boundary nodes is to be determined. 

Assumptions 1 Heat transfer through the wall is given to be transient, and the thermal conductivity to be 
constant. 2 Heat transfer is one-dimensional since the wall is large relative to its thickness. 3 Radiation heat 
transfer is negligible. 


Analysis Using the energy balance approach and taking the direction 
of all heat transfers to be towards the node under consideration, the 
implicit finite difference formulations become 

Left boundary node: g 0 


rp i + 1 rp i + 1 

1 1 ~ J 0 


+ q 0 A + £' 0 +1 (AAA-/2) = pA — c 

2 


rp i + 1 rp 1 

1 0 M) 


Right boundary node: 

J-/+1 _rpi + 1 A rpi + 1 _ r r i 

kA + hA(Tl +1 - T'p ) + e‘ 4 +1 (AAx / 2) = pA — c „ — 1 

Ax 2 At 


5-78 A plane wall with variable heat generation and constant thermal conductivity is subjected to insulation 
at the left (node 0) and radiation at the right boundary (node 5). The explicit transient finite difference 
formulation of the boundary nodes is to be determined. 

Assumptions 1 Heat transfer through the wall is given to be transient and one-dimensional, and the thermal 
conductivity to be constant. 2 Convection heat transfer is negligible. 


Analysis Using the energy balance approach and taking the direction 
of all heat transfers to be towards the node under consideration, the 
explicit transient finite difference formulations become 

Left boundary node: T 


Insulated 


T{ - Tq ./ Ax Ax 

— - + e' 0 A — = pA — c_ 

Ax ° 2 2 p 


r-p i + 1 P< i 
1 0 “ 1 0 


Right boundary node: 
zoA[(tL T ) 4 - ( r') 4 ] + M 


T\ -T, 


+ e l 5 A 


Ax , Ax 
— = pA — c 
2 2 ' 


r p I + l rp 1 

i 5 ~ J 5 
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5-79 A plane wall with variable heat generation and constant thermal conductivity is subjected to combined 
convection, radiation, and heat flux at the left (node 0) and specified temperature at the right boundary 
(node 4). The explicit finite difference formulation of the left boundary and the finite difference 
formulation for the total amount of heat transfer at the right boundary are to be determined. 

Assumptions 1 Heat transfer through the wall is given to be transient and one-dimensional, and the thermal 
conductivity to be constant. 

Analysis Using the energy balance approach and taking the direction of all heat transfers to be towards the 
node under consideration, the explicit transient finite difference formulations become 

Left boundary node: 


zoA[T* - (T' y 4 ] + hA(T* - TX ) + kA 


t \ -n 


Ax 


+ e' n A 


Ax 

2 


. Ax 

= pA — c 
2 


T, 


i + 1 


_ T 1 
1 0 


P 


At 


Heat transfer at right surface: 

Ti -T : 


bright surface 

Noting that 


+ M 


Ar 


Ax A Ax 
\-e 4 A — = pA — c 
2 2 ' 


rj-< i +1 r p 1 

J 4 — 1 4 


Q = QAt = Y J &^ t 


the total amount of heat transfer becomes 

20 

bright surface ~ ^ , Q right surface ^ 


i=l 

20 f 


-z 


i=l 


T\ - T l 
Ax 


kA 


■ i A Ax 
e\ A — + pA 

4 2 


2 
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5-80 Starting with an energy balance on a volume element, the two-dimensional transient explicit finite 
difference equation for a general interior node in rectangular coordinates for T{x,y,t) for the case of 

constant thermal conductivity and no heat generation is to be obtained. 

Analysis (See Figure 5-49 in the text). We consider a rectangular region in which heat conduction is 
significant in the x and y directions, and consider a unit depth of Az = 1 in the z direction. There is no heat 
generation in the medium, and the thermal conductivity k of the medium is constant. Now we divide the x-y 
plane of the region into a rectangular mesh of nodal points which are spaced Ax and Ay apart in the x and 
y directions, respectively, and consider a general interior node (m, n) whose coordinates are x = mAx and 
y = nAy . Noting that the volume element centered about the general interior node (m, n) involves heat 

conduction from four sides (right, left, top, and bottom) and expressing them at previous time step /, the 
transient explicit finite difference formulation for a general interior node can be expressed as 


rjl l rp l rp / rp / rp / rr I / rp l r-p l 

, /A iX 1 m—\,n 1 m.n , / A 1 m,n + 1 1 m.n ... iX 1 m+l,n 1 m.n , / A 1X 1 m,n - 1 1 m.n 

k(Ay X 1) + k{ Ax x 1) + k{ Ay x 1) : + k( Ax x 1) 


Ax 


Ay 


Ax 


= p(Ax x Ay x 1 )c 


Ay 


rp 1 + 1 rp i 

1 m,n * m,n 

At 


Taking a square mesh (Ax = Ay = /) and dividing each term by k gives, after simplifying, 


T 1 +T l -L T 1 -L T 1 -AT 1 

m—l,n m+l,n m,n + 1 m,n — 1 m,n 


rp i + 1 rp 1 

1 m.n m.n 


2 . 

where a - k! pc is the thermal diffusivity of the material and r = aAt / / is the dimensionless mesh 

Fourier number. It can also be expressed in terms of the temperatures at the neighboring nodes in the 
following easy-to-remember form: 

rp i + 1 rp i 

rpi rp i rpi rp / a rp / _ *- node ^ node 

left ' top ' -* right ' bottom — node — 

T 

Discussion We note that setting r n ' ( | c j c = T^ ode gives the steady finite difference formulation. 
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5-81 Starting with an energy balance on a volume element, the two-dimensional transient implicit finite 
difference equation for a general interior node in rectangular coordinates for T (v, y, t ) for the case of 

constant thermal conductivity and no heat generation is to be obtained. 

Analysis (See Figure 5-49 in the text). We consider a rectangular region in which heat conduction is 
significant in the x and y directions, and consider a unit depth of Az = 1 in the z direction. There is no heat 
generation in the medium, and the thermal conductivity k of the medium is constant. Now we divide the x-y 
plane of the region into a rectangular mesh of nodal points which are spaced Av and Ay apart in the v and 
y directions, respectively, and consider a general interior node (m, n) whose coordinates are jt = mAx and 
y = nAy . Noting that the volume element centered about the general interior node (m, n) involves heat 

conduction from four sides (right, left, top, and bottom) and expressing them at previous time step /, the 
transient implicit finite difference formulation for a general interior node can be expressed as 


rp i+\ r p i + 1 rp Z + l rpi + l rj -1 i + 1 rpi rp i+\ Z+l 

, . . 1 m—\,n 1 m.n . . . 1 m,n+ 1 1 m.n , . . 1X 1 m+\,n 1 m.n ... 1 m.n- 1 1 m.n 

k{Ay X 1) + k( Ax x 1) + k(Ay x 1) + k( Ax x 1) 


Ar 


Ay 


Ar 


= p(Axx Ay xl)c 


Ay 


P 


rp i + 1 rp 1 

1 m,n * m,n 

At 


Taking a square mesh (Ax = Ay = /) and dividing each term by k gives, after simplifying, 


rp i + 1 rp i 

rp Z+l . rp Z+l rp / + 1 rp / + ! A'T' 171 

1 m-\,n ' 1 m+l,n ' 1 m,n+\ ' 1 m,n—l ^ 1 m,n ~ 


0 • • • 

where a -k / pc p is the thermal diffusivity of the material and r = a At / / is the dimensionless mesh 

Fourier number. It can also be expressed in terms of the temperatures at the neighboring nodes in the 
following easy-to-remember form: 


T^+T, 


i + 1 

top 


■ rp Z + l rp Z+l Arp Z + l 

' right ' bottom node 


T> Z + l rji 

node 1 ’ 


node 


Discussion We note that setting = T^ ode gives the steady finite difference formulation. 
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5-82 Starting with an energy balance on a disk volume element, the one-dimensional transient explicit 
finite difference equation for a general interior node for T(z, t) in a cylinder whose side surface is insulated 

for the case of constant thermal conductivity with uniform heat generation is to be obtained. 

Analysis We consider transient one-dimensional heat conduction in the axial z direction in an insulated 
cylindrical rod of constant cross-sectional area A with constant heat generation g 0 and constant 

conductivity k with a mesh size of A z in the z direction. Noting that the volume element of a general 
interior node m involves heat conduction from two sides and the volume of the element is U element = AAz , 

the transient explicit finite difference formulation for an interior node can be expressed as 


rr » l rr r l rji l rji l 

kA m ~ 1 ~ + M ” ,+1 ~ m + e n AAx = pAAxc n 

Ax Ax 0 p 


Canceling the surface area A and multiplying by Ax/lc , it 
simplifies to 

T i 'vt' i i r r i i (Ax) f-pi + 1 T / ^ 

7 m - 1 - Z7 m + 1 m + 1 H ~ _ V 7 m 7 m ) 

k aAt 


1 / + 1 rji 1 

m 7 m 

At 



where a = k I pc p is the thermal diffusivity of the wall material. 


Using the definition of the dimensionless mesh Fourier number r = — , the last equation reduces to 

Ax - 2 


T m - 1 _ 2T m + T m + 1 + 


^nAl' 


rji i+1 rji 1 

7 m 7 m 


/+1 


Discussion We note that setting T m = gives the steady finite difference formulation. 


5-83 A composite plane wall consists of two layers A and B in perfect contact at the interface where node 1 
is at the interface. The wall is insulated at the left (node 0) and subjected to radiation at the right boundary 
(node 2). The complete transient explicit finite difference formulation of this problem is to be obtained. 

Assumptions 1 Heat transfer through the wall is given to be transient and one-dimensional, and the thermal 
conductivity to be constant. 2 Convection heat transfer is negligible. 3 There is no heat generation. 

Analysis Using the energy balance approach with a unit area A = 1 
and taking the direction of all heat transfers to be towards the node 
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5-84 A pin fin with negligible heat transfer from its tip is considered. The complete explicit finite 
difference formulation for the determination of nodal temperatures is to be obtained. 


Assumptions 1 Heat transfer through the pin fin is given to be 
steady and one-dimensional, and the thermal conductivity to be 
constant. 2 Convection heat transfer coefficient is constant and 
uniform. 3 Heat loss from the fin tip is given to be negligible. 

Analysis The nodal network consists of 3 nodes, and the base 
temperature T 0 at node 0 is specified. Therefore, there are two 
unknowns T\ and T 2 , and we need two equations to determine 
them. Using the energy balance approach and taking the direction 
of all heat transfers to be towards the node under consideration, 
the explicit transient finite difference formulations become 

Node 1 (at midpoint): 


Convection 
h, T x 

C 

T 

surr 

Radiation 

c 

\ 




• 

# 

0 

1 

Ax ^ 


sapAxlT^ -(T‘) 4 ] + hpAx(T x - T ‘ ) + kA 


Ax 


kA 


To -t; 

Ax 


'I' i + 1 rji l 

M ~ 1 1 


= pAAxc 


p 


At 


Node 2 (at fin tip): 


so 


P 


Ax\ a ; a f Ax^ 

— [T 4 rr-(n) 4 ] + h p — 


(T x -T‘) + kA 


r i r T' i A T 1 l+l r n i 

1 ~ T 1 to „ T 2 ~ T 2 


Ax 


~ pA T c ” 


At 


9 • 

where A - nD / 4 is the cross-sectional area and p - nD is the perimeter of the fin. 


5-85 A pin fin with negligible heat transfer from its tip is considered. The complete finite difference 
formulation for the determination of nodal temperatures is to be obtained. 


Assumptions 1 Heat transfer through the pin fin is given to be 
steady and one-dimensional, and the thermal conductivity to be 
constant. 2 Convection heat transfer coefficient is constant and 
uniform. 3 Heat loss from the fin tip is given to be negligible. 

Analysis The nodal network consists of 3 nodes, and the base 
temperature T 0 at node 0 is specified. Therefore, there are two 
unknowns T\ and T 2 , and we need two equations to determine 
them. Using the energy balance approach and taking the direction 
of all heat transfers to be towards the node under consideration, 
the implicit transient finite difference formulations become 


Convection 
h , ^ 

( 

T 

1 surr 

Radiation 

c 




' > 

# 

# 

- j 
V 

0 

1 

Ax ^ 


Node 1: 


so,,Ax[T 4 n - (T‘ +1 ) 4 ] + h P Ax(T x - Tp ) + M 


t m _ T 


i+1 


Ar 


kA 


Ax 


i+i 


= pAAxc 


p 


r/ +1 -t x 

At 


Node 2: so 


P 


Ax 


[TL-(Tj +l ) 4 ] + H 


P 


Ax 


( r -tv+Vm 


i + 1 'y i + 1 

M ~ 1 2 
Ax 


4 Ax 

= pA — c 
2 ' 


T 


i+i 


— T l 
1 2 


At 


where A = nD 2 / 4 


is the cross-sectional area and p 


kD is the perimeter of the fin. 
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5-86 A uranium plate initially at a uniform temperature is subjected to insulation on one side and 
convection on the other. The transient finite difference formulation of this problem is to be obtained, and 
the nodal temperatures after 5 min and under steady conditions are to be determined. 

Assumptions 1 Heat transfer is one-dimensional since the plate is large relative to its thickness. 2 Thermal 
conductivity is constant. 3 Radiation heat transfer is negligible. 

* t ... • A 0 

Properties The conductivity and diffusivity are given to be k = 28 W/m-°C and a = 12.5 x 10 m /s . 

Analysis The nodal spacing is given to be Ax = 0.02 m. Then the number of nodes becomes M = L/ Ax + 1 
= 0.08/0.02+1 = 5. This problem involves 5 unknown nodal temperatures, and thus we need to have 5 
equations. Node 0 is on insulated boundary, and thus we can treat it as an interior note by using the mirror 
image concept. Nodes 1, 2, and 3 are interior nodes, and thus for them we can use the general explicit finite 
difference relation expressed as 

2 


T m - 1 _ + T m + 1 + 


e„A x 


rjl i + 1 rji / 

m 1 m 


-> TL + 1 = t{T i _! + TU ) + (1 - 2 r)r; + t 


m 


Insulated 


The finite difference equation for node 4 on the right surface 
subjected to convection is obtained by applying an energy 
balance on the half volume element about node 4 and taking 
the direction of all heat transfers to be towards the node under 
consideration: 


e 


Ax 




0 1 2 

3 4 


h, T 0 


Node 0 (insulated) : 
Node 1 (interior) : 
Node 2 (interior) : 
Node 3 (interior) : 
Node 4 (convection) : 


7+ 1 = t(T' + t; ) + (1 - 2t)Tq + r 


7f 1 = t(T‘ + Tl ) + (1 - 2t)T; + r ^ 


7^ +1 = t{T( + r 3 z ) + (1 - 2 t)T{ + r 


T 


i + 1 


3 =r(T{ + ^ z ;) + (l-2r)^3 , +r 

. Ar 


e a Ax 


e 0 Ax 


h(T^ -T^) + k 


Ti -Tl 


k 

Ax 


or 


T /+1 _ 

7 4 “ 


f 


l-2r-2r 


Ar 

hAx^ 


+ e Q -= P - Cp 


rj +1 -t a 

At 


T\ + 2 tT' +2 t^T x +t e -^A± 


where Ax = 0.02 m, e 0 = 10 6 W/m 3 , k = 28 W/m ■ °C, h = 35 W/m 2 • °C, T m = 20°C , and a = 12.5 x 10~ 6 
m /s. The upper limit of the time step At is determined from the stability criteria that requires all primary 
coefficients to be greater than or equal to zero. The coefficient of Tl is smaller in this case, and thus the 
stability criteria for this problem can be expressed as 


— >0 -> r< 


1 


2(1 + hAx!k) 


-> A t< 


Ax 


2a(l + hAx! k) 


• 9 # # 

since r = aAt / Ax . Substituting the given quantities, the maximum allowable the time step becomes 


At < 


(0.02 m) 


2(12.5xl0" 6 m 2 /s)[l + (35 W/m 2 .°C)(0.02 m) /(28 W/m.°C)] 


= 15.6s 
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Therefore, any time step less than 15.6 s can be used to solve this problem. For convenience, let us choose 
the time step to be Af = 15 s. Then the mesh Fourier number becomes 


T = 


aAt (12.5 xlQ~ 6 m 2 /s)(15s) 
Ax 2 (0.02 m) 2 


= 0.46875 


Substituting this value of r and other given quantities, the nodal temperatures after 5x60/15 = 20 time 
steps (5 min) are determined to be 

After 5 min: T 0 = 228.9°C, T x = 228.4°C, T 2 = 226.8°C, T 3 = 224.0°C, and T A = 219.9 °C 

( b ) The time needed for transient operation to be established is determined by increasing the number of 
time steps until the nodal temperatures no longer change. In this case the nodal temperatures under steady 
conditions are determined to be 

r 0 = 2420°C, r,=2413°C, r 2 = 2391°C, r 3 = 2356°C, and r 4 = 2306 °C 

Discussion The steady solution can be checked independently by obtaining the steady finite difference 
formulation, and solving the resulting equations simultaneously. 
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5-87 EES Prob. 5-86 is reconsidered. The effect of the cooling time on the temperatures of the left and 
right sides of the plate is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.08 [m] 
k=28 [W/m-C] 
alpha=1 2.5E-6 [m A 2/s] 

T_i=1 00 [C] 
g_dot=1 E6 [W/m A 3] 

T_infinity=20 [C] 
h=35 [W/m A 2-C] 

DELTAx=0.02 [m] 
time=300 [s] 

"ANALYSIS" 

M=L/DELTAx+1 "Number of nodes" 

DELTAt=15 "[s]" 
tau=(alpha*DELTAt)/DELTAx A 2 

"The technique is to store the temperatures in the parametric table and recover them (as old 
temperatures) 

using the variable ROW. The first row contains the initial values so Solve Table must begin 
at row 2. 

Use the DUPLICATE statement to reduce the number of equations that need to be typed. 
Column 1 

contains the time, column 2 the value of T[1], column 3, the value of T[2], etc., and column 7 
the Row." 

Time=TableValue(Row-1 ,#Time)+DELTAt 
Duplicate i=1 ,5 

T_old[i]=TableValue(Row-1,#T[i]) 

end 

"Using the explicit finite difference approach, the six equations for the six unknown 
temperatures are determined to be" 

T[1 ]=tau*(T_old[2]+T_old[2])+(1 -2*tau)*T_old[1 ]+tau*(g_dot*DELTAx A 2)/k "Node 1 , 
insulated" 

T[2]=tau*(T_old[1 ]+T_old[3])+(1 -2*tau)*T_old[2]+tau*(g_dot*DELTAx A 2)/k "Node 2" 
T[3]=tau*(T_old[2]+T_old[4])+(1 -2*tau)*T_old[3]+tau*(g_dot*DELTAx A 2)/k "Node 3" 
T[4]=tau*(T_old[3]+T_old[5])+(1 -2*tau)*T_old[4]+tau*(g_dot*DELTAx A 2)/k "Node 4" 
T[5]=(1-2*tau- 

2*tau*(h*DELTAx)/k)*T_old[5]+2*tau*T_old[4]+2*tau*(h*DELTAx)/k*T_infinity+tau*(g_dot*DE 
LTAx A 2)/k "Node 4, convection" 
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Time [s] 

Ti [C] 

t 2 [C] 

T 3 [C] 

T 4 [C] 

T s [C] 

Row 

0 

100 

100 

100 

100 

100 

1 

15 

106.7 

106.7 

106.7 

106.7 

104.8 

2 

30 

113.4 

113.4 

113.4 

112.5 

111.3 

3 

45 

120.1 

120.1 

119.7 

119 

117 

4 

60 

126.8 

126.6 

126.3 

125.1 

123.3 

5 

75 

133.3 

133.2 

132.6 

131.5 

129.2 

6 

90 

139.9 

139.6 

139.1 

137.6 

135.5 

7 

105 

146.4 

146.2 

145.4 

144 

141.5 

8 

120 

152.9 

152.6 

151.8 

150.2 

147.7 

9 

135 

159.3 

159.1 

158.1 

156.5 

153.7 

10 















3465 

1217 

1213 

1203 

1185 

1160 

232 

3480 

1220 

1216 

1206 

1188 

1163 

233 

3495 

1223 

1220 

1209 

1192 

1167 

234 

3510 

1227 

1223 

1213 

1195 

1170 

235 

3525 

1230 

1227 

1216 

1198 

1173 

236 

3540 

1234 

1230 

1219 

1201 

1176 

237 

3555 

1237 

1233 

1223 

1205 

1179 

238 

3570 

1240 

1237 

1226 

1208 

1183 

239 

3585 

1244 

1240 

1229 

1211 

1186 

240 

3600 

1247 

1243 

1233 

1214 

1189 

241 
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5-88 The passive solar heating of a house through a Trombe wall is studied. The temperature distribution in 
the wall in 12 h intervals and the amount of heat transfer during the first and second days are to be 
determined. 

Assumptions 1 Heat transfer is one-dimensional since the exposed surface of the wall large relative to its 
thickness. 2 Thermal conductivity is constant. 3 The heat transfer coefficients are constant. 

Properties The wall properties are given to be k = 0.70 W/m-°C, a = 0.44xl0 -6 m 2 /s , and k = 0.76 . The 
hourly variation of monthly average ambient temperature and solar heat flux incident on a vertical surface 
is given to be 



Analysis The nodal spacing is given to be Ax = 0.05 m, Then the number of nodes becomes M = L/ Ax + l 
= 0.30/0.05+1 = 7. This problem involves 7 unknown nodal temperatures, and thus we need to have 7 
equations. Nodes 1, 2, 3, 4, and 5 are interior nodes, and thus for them we can use the general explicit 
finite difference relation expressed as 


T m-l ~ 2T m + T m+1 + 




y 1+1 r p i 

1 m * m 


-> T m l = 7 CC-1 + T Ll ) + (1 - 2T ) T n 


The finite difference equation for boundary nodes 0 and 6 are obtained by applying an energy balance on 
the half volume elements and taking the direction of all heat transfers to be towards the node under 
consideration: 


NodeO: h m A(T‘ n -T^ + kA 


t; -n 


A Ax 

= pA — c 
2 ‘ 


h- Ax 


r-p i + 1 rp i 

i 0 M) 


h - Ax 


Node 1 (to = 1 ) : Tp = t(T£ +T{)+ (1 - 2t)T( 

Node 2 (to = 2 ) : 7+ 1 = t{T( + Tj ) + (1 - 2t)T{ 
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Node 3 (m = 3) : r 3 ' +1 = t{T{ + Tp + (1 - 2r)7^' 

Node 4 ( m = 4) : Tp = r(T 3 ' + Tp + ( 1 - 2 r)p 

Node 5 (m = 5) : p ' 1 = r(7^' + rj ) + ( 1 - 2r)7’ 5 ! 


Node 6 /z out A(r 0 ! ut -Tp + K4<?' olar + M 


l -n 

Ax 


„ Ax 

= pA — c 
2 


p 


or 


r p i + 1 

i 6 “ 


',_2 r -2rAA 

k 


^ • h Ar 

Tt +2 tTJ +2t out 


v 


C,+2r 


T’ / + 1 T’ 1 

i 6 ~ y 6 

At 

m solar A* 


k k 

where L = 0.30 m, £ = 0.70 W/m.°C, a = 0.44 x 10 -6 m 2 /s , T out and <? solar are as given in the table, 

k- = 0.76 h oat =3.4 W/m 2 .°C, r in = 20°C, h m = 9 . 1 W/m 2 .°C, and Ar = 0.05 m. 

Next we need to determine the upper limit of the time step At from the stability criteria since we 
are using the explicit method. This requires the identification of the smallest primary coefficient in the 
system. We know that the boundary nodes are more restrictive than the interior nodes, and thus we 
examine the formulations of the boundary nodes 0 and 6 only. The smallest and thus the most restrictive 

primary coefficient in this case is the coefficient of Tq in the formulation of node 0 since h m > h out9 and 
thus 

h- Ax h nnt Ax 

l-2r-2r— — <l-2r-2r^ — 
k k 

Therefore, the stability criteria for this problem can be expressed as 

1 


l-2 r -2rA^> 0 r < 


2(l + /r in Ax/k) 


-> At < 


Ax 


2a(l + /r in Ax/ k) 


• /••• •• • • 
since t = a At / Ax . Substituting the given quantities, the maximum allowable the time step becomes 

At < — = 1722s 


2(0.44 x 10“ 6 m 2 /s)[l + (9.1 W/m 2 .°C)(0.05 m) /(0.70 W/m.°C)] 

Therefore, any time step less than 1722 s can be used to solve this problem. For convenience, let us choose 
the time step to be At = 900 s = 15 min. Then the mesh Fourier number becomes 

aAt 


T = 


Ax 


(0.44 xl0~ 6 m 2 /s)(900 s) 
(0.05 m) 2 


= 0.1584 


Initially (at 7 am or t = 0), the temperature of the wall is said to vary linearly between 20°C at node 0 and 
0°C at node 6. Noting that there are 6 nodal spacing of equal length, the temperature change between 
two neighboring nodes is (20 - 0)°C/6 = 3.33°C. Therefore, the initial nodal temperatures are 

p = 20°C, T° = 16.66°C, P = I3.33°C. p =10°C, p =6.66°C, p =3.33°C, p =0°C 

Substituting the given and calculated quantities, the nodal temperatures after 6, 12, 18, 24, 30, 36, 42, and 
48 h are calculated and presented in the following table and chart. 


Time 

Time 
step, i 

Nodal temperatures, °C 

T n 

T, 

Tr 

r, 

r 4 

T, 

T 6 

0 h (7am) 

0 

20.0 

16.7 

13.3 

10.0 

6.66 

3.33 

0.0 

6 h (1 pm) 

24 

17.5 

16.1 

15.9 

18.1 

24.8 

38.8 

61.5 

12 h (7 pm) 

48 

21.4 

22.9 

25.8 

30.2 

34.6 

37.2 

35.8 

18 h (1 am) 

72 

22.9 

24.6 

26.0 

26.6 

26.0 

23.5 

19.1 

24 h (7 am) 

96 

21.6 

22.5 

22.7 

22.1 

20.4 

17.7 

13.9 

30 h (1 pm) 

120 

21.0 

21.8 

23.4 

26.8 

34.1 

47.6 

68.9 

36 h (7 pm) 

144 

24.1 

27.0 

31.3 

36.4 

41.1 

43.2 

40.9 

42 h (1 am) 

168 

24.7 

27.6 

29.9 

31.1 

30.5 

27.8 

22.6 

48 h (7 am) 

192 

23.0 

24.6 

25.5 

25.2 

23.7 

20.7 

16.3 
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The rate of heat transfer from the Trombe wall to the interior of the house during each time step is 
determined from Newton’s law of cooling using the average temperature at the inner surface of the wall 
(node 0) as 

Grrumbe wall = Grumbe wall^ = ^in^Go ~ ^in = ^in^tGo + ^0 ) / 2 - 7j n ]Af 

Therefore, the amount of heat transfer during the first time step (i = 1) or during the first 15 min period is 

Glrumbewaii = + T ( ") / 2 - TJAt = (9. 1 W/m 2 .°C)(2.8 X 7 m 2 )[(68.3 + 70)/ 2 - 70°C](0.25 h) = -96.8 kWh 

The negative sign indicates that heat is transferred to the Trombe wall from the air in the house which 
represents a heat loss. Then the total heat transfer during a specified time period is determined by adding 
the heat transfer amounts for each time step as 

/ i 

Grumbe wall = ^ Grumbe wall = ^ \n A[(Tq + Tq l )/2~T m ]A t 
i = 1 i = 1 

where I is the total number of time intervals in the specified time period. In this case I = 48 for 12 h, 96 for 
24 h, etc. Following the approach described above using a computer, the amount of heat transfer between 
the Trombe wall and the interior of the house is determined to be 

GTrombewaii = - 3421 kWh after 12 h 
Grrombe wall = 1753 kWh after 24 h 
Girombe wall = 5393 kWh after 36 h 
Grrombe wall = 15,230 kWh after 48 h 

Discussion Note that the interior temperature of the Trombe wall drops in early morning hours, but then 
rises as the solar energy absorbed by the exterior surface diffuses through the wall. The exterior surface 
temperature of the Trombe wall rises from 0 to 61.5°C in just 6 h because of the solar energy absorbed, but 
then drops to 13.9°C by next morning as a result of heat loss at night. Therefore, it may be worthwhile to 
cover the outer surface at night to minimize the heat losses. 

Also the house loses 3421 kWh through the Trombe wall the 1st daytime as a result of the low 
start-up temperature, but delivers about 13,500 kWh of heat to the house the second day. It can be shown 
that the Trombe wall will deliver even more heat to the house during the 3rd day since it will start the day 
at a higher average temperature. 



Time [hour] 
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5-89 Heat conduction through a long L-shaped solid bar with specified boundary conditions is considered. 
The temperature at the top corner (node #3) of the body after 2, 5, and 30 min is to be determined with the 
transient explicit finite difference method. 


Assumptions 1 Heat transfer through the body is given to be transient and two-dimensional. 2 Thermal 
conductivity is constant. 3 Heat generation is uniform. 

Properties The conductivity and diffusivity are given to 
be k = 15 W/m-°C and a = 3.2 x 10 -6 m 2 /s . 


h, T a 


1 


Analysis The nodal spacing is given to be 
Ax=Ax=/=0.015 m. The explicit finite difference 
equations are determined on the basis of the 
energy balance for the transient case expressed 
as 


Ql 


^element P ^element 


p / + 1 n n 

1 m 1 


t 

4 

• * — 

5 

7 

6 

« 

OO 






Insulated 


m 


All sides 


At 


140°C 


The quantities h , T ^ , e, and q R do not change with time, and thus we do not need to use the superscript i 
for them. Also, the energy balance expressions can be simplified using the definitions of thermal diffusivity 
a = k / pc p and the dimensionless mesh Fourier number t = a At / / where At = Ay = / . We note that all 

nodes are boundary nodes except node 5 that is an interior node. Therefore, we will have to rely on energy 
balances to obtain the finite difference equations. Using energy balances, the finite difference equations for 
each of the 8 nodes are obtained as follows: 


Node 1: q L l - + h l -(T^ 
Node 2: hl(T^-T^) + k 
Node 3: hl{T^ -T^) + k- 
(It can be rearranged as 


-T{) + k 


i t' -t; 


, l T\ -T{ . / z / z T^ 1 -T x 

b k b e () — = p — c 

2 1 2 1 4 4 At 


1 t; -T‘ 

— + k 

2 l 

l Ti -Ti 


l T‘ -Tl 


+ kl 


Ti-ri . / 


/ 


+ e ( 


r 

= p Y Cp 


p i + 1 pi 
i 2 ~ 1 2 

At 


/ p i 7 1 i / 2 ; 2 np i + 1 

1 6 _i 3 • 1 


2 l 


-b k 


2 l 


l L Tf 1 -Ti 

b e a — = p — c 

4 4 At 


p f + 1 

1 3 - 


\-At-At 


hi 


t!+2t 


Ti+Tl+2 — T„ + e ° l 


00 


2k 


l Ti -Ti 


Node 4: q L l + k 


2 l 


p l pi / 2 

1 -I 4 | J I 1 ~ 1 4 | J cl 7 5 ~M , 1 / „ 1 — 1 4 


i 140 -r. 


i 2 


2 / 


+ e 0 — = p — c 
l 2 2 


At 


Node 5 (interior): T 5 /+1 = (l - 4r)r 5 ? +r 


r 2 z +r 4 z +r 6 ' +140+ 


ej 2 ^ 


Node 6: hl(T^ -Ti) + k 


l Ti -Ti 


Ti -Tl 
4- kl— — + kl 


2 l 


1 / + 1 rji 1 


140 / Ti -Ti . 3/ 2 3/ 2 r 6 l ’ ri -T e 


l 


+ k 1 — + e () = p c 

2 1 4 4 


At 


Node 7: hl(T^ -Ti,) + k 


l Ti 


+ k 


l Ti -Ti 


7 1 40 - 77 ' . / 2 l 2 T‘ +l -T’ 

b kl b e () — — p — c 

2 1 l 2 2 At 


1 : l Ti -Ti l 140-To . I 1 l 1 Ti 1 -Ti 

Node 8: h-(T r -Ti) + k -+£ - + e 0 — = p — c— - 

2 2 1 2 1 4 4 At 


where £ 0 =2xl0 7 W/m 3 , q L =8000W/m 2 , / = 0.015 m, =15 W/m-°C, /i = 80 W/m 2 -°C, and 
=25°C. 
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The upper limit of the time step At is determined from the stability criteria that requires the 
coefficient of T l m in the 7^ +1 expression (the primary coefficient) be greater than or equal to zero for all 

nodes. The smallest primary coefficient in the 8 equations above is the coefficient of T 3 in the r 3 +1 

expression since it is exposed to most convection per unit volume (this can be verified), and thus the 
stability criteria for this problem can be expressed as 

, „ „ hi „ 1 / 2 

1 -4r-4r — >0 — > r < — > At < 

k 4(1 + hl/k) Acc{\ + hllk) 

2 

since r = aAt / / . Substituting the given quantities, the maximum allowable value of the time step is 
determined to be 


(0.015 m) 2 

4(3.2 x 1(T 6 m 2 /s)[l + (80 W/m 2 .°C)(0.015 m) /(1 5 W/m.°C)] 


16.3 s 


Therefore, any time step less than 16.3 s can be used to solve this problem. For convenience, we choose the 
time step to be Af = 15 s. Then the mesh Fourier number becomes 


aAt (3.2xl(T 6 m 2 /s)(15s) 
r = — — = = 0.2133 

l~ (0.015 m) 2 


Using the specified initial condition as the solution at time t- 0 (for i = 0), sweeping through the 9 
equations above will give the solution at intervals of 15 s. Using a computer, the solution at the upper 
corner node (node 3) is determined to be 441, 520, and 529°C at 2, 5, and 30 min, respectively. It can be 
shown that the steady state solution at node 3 is 531°C. 
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5-90 EES Prob. 5-89 is reconsidered. The temperature at the top corner as a function of heating time is to 
be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T i=1 40 [C] 

k=15 [W/m-C] 
alpha=3.2E-6 [m A 2/s] 
e_dot=2E7 [W/m A 3] 

T_bottom=140 [C] 

T_infinity=25 [C] 
h=80 [W/m A 2-C] 
q_dot_L=8000 [W/m A 2] 

DELTAx=0.01 5 [m] 

DELTAy=0.01 5 [m] 
time=120 [s] 

"ANALYSIS" 

l=DELTAx 

DELTAt=15"[s]" 

tau=(alpha*DELTAt)/l A 2 

RhoC=k/alpha "RhoC=rho*C" 

"The technique is to store the temperatures in the parametric table and recover them (as old 
temperatures) 

using the variable ROW. The first row contains the initial values so Solve Table must begin 
at row 2. 

Use the DUPLICATE statement to reduce the number of equations that need to be typed. 
Column 1 

contains the time, column 2 the value of T[1], column 3, the value of T[2], etc., and column 
10 the Row." 

Time=TableValue('Table 1 ', Row-1 ,#Time)+DELTAt 
Duplicate i=1 ,8 

T_old[i]=TableValue('Table 1', Row-1, #T[i]) 
end 

"Using the explicit finite difference approach, the eight equations for the eight unknown 
temperatures are determined to be" 

q_dot_L*l/2+h*l/2*(TJnfinity-T_old[1])+k*l/2*(T_old[2]-T_old[1])/l+k*l/2*(T_old[4]- 
T_old[1 ])/l+e_dot*l A 2/4=RhoC*l A 2/4*(T[1 ]-T_old[1 ])/DELTAt "Node 1 " 
hT(TJnfinity-T_old[2])+k*l/2*(T_old[1]-T_old[2])/l+k*l/2*(T_old[3]-T_old[2])/l+kT(T_old[5]- 
T_old[2])/l+e_dot*l A 2/2=RhoC*l A 2/2*(T[2]-T_old[2])/DELTAt "Node 2" 
h*l*(TJnfinity-T_old[3])+k*l/2*(T_old[2]-T_old[3])/l+k*l/2*(T_old[6]- 
T_old[3])/l+e_dot*l A 2/4=RhoC*l A 2/4*(T[3]-T_old[3])/DELTAt "Node 3" 
q_dot_L*l+k*l/2*(T_old[1]-T_old[4])/l+k*l/2*(T_bottom-T_old[4])/l+k*l*(T_old[5]- 
T_old[4])/l+e_dot*l A 2/2=RhoC*l A 2/2*(T[4]-T_old[4])/DELTAt "Node 4" 

T[5]=(1 -4*tau)*T_old[5]+tau*(T_old[2]+T_old[4]+T_old[6]+T_bottom+e_dot*l A 2/k) "Node 5" 
hT(TJnfinity-T_old[6])+k*l/2*(T _old[3]-T _old[6])/l+kT(T_old[5]-T_old[6])/l+kT(T_bottom- 
T_old[6])/l+k*l/2*(T_old[7]-T_old[6])/l+e_dot*3/4*l A 2=RhoC*3/4*l A 2*(T[6]-T_old[6])/DELTAt 
"Node 6" 

hT(TJnfinity-T_old[7])+k*l/2*(T_old[6]-T_old[7])/l+k*l/2*(T_old[8]-T_old[7])/l+kT(T_bottom- 
T_old[7])/l+e_dot*l A 2/2=RhoC*l A 2/2*(T[7]-T_old[7])/DELTAt "Node 7" 
h*l/2*(TJnfinity-T_old[8])+k*l/2*(T_old[7]-T_old[8])/l+k*l/2*(T_bottom- 
T_old[8])/l+e_dot*l A 2/4=RhoC*l A 2/4*(T[8]-T_old[8])/DELTAt "Node 8" 
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Time 

[s] 

Ti [C] 

T 2 [C] 

t 3 [C] 

t 4 [C] 

T s [C] 

t 6 [C] 

t 7 [C] 

t 8 [C] 

Row 

0 

140 

140 

140 

140 

140 

140 

140 

140 

1 

15 

203.5 

200.1 

196.1 

207.4 

204 

201.4 

200.1 

200.1 

2 

30 

265 

259.7 

252.4 

258.2 

253.7 

243.7 

232.7 

232.5 

3 

45 

319 

312.7 

300.3 

299.9 

293.5 

275.7 

252.4 

250.1 

4 

60 

365.5 

357.4 

340.3 

334.6 

326.4 

300.7 

265.2 

260.4 

5 

75 

404.6 

394.9 

373.2 

363.6 

353.5 

320.6 

274.1 

267 

6 

90 

437.4 

426.1 

400.3 

387.8 

375.9 

336.7 

280.8 

271.6 

7 

105 

464.7 

451.9 

422.5 

407.9 

394.5 

349.9 

286 

275 

8 

120 

487.4 

473.3 

440.9 

424.5 

409.8 

360.7 

290.1 

277.5 

9 

135 

506.2 

491 

456.1 

438.4 

422.5 

369.6 

293.4 

279.6 

10 





















1650 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

111 

1665 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

112 

1680 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

113 

1695 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

114 

1710 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

115 

1725 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

116 

1740 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

117 

1755 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

118 

1770 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

119 

1785 

596.3 

575.7 

528.5 

504.6 

483.1 

411.9 

308.8 

288.9 

120 



Time [s] 
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5-91 A long solid bar is subjected to transient two-dimensional heat transfer. The centerline temperature of 
the bar after 20 min and after steady conditions are established are to be determined. 


Assumptions 1 Heat transfer through the body is given to be transient and two-dimensional. 2 Heat is 
generated uniformly in the body. 3 The heat transfer coefficient also includes the radiation effects. 


Properties The conductivity and diffusivity are given to be k = 28 
W/m-°C and a = 12 x 10” 6 m 2 /s . 


Analysis The nodal spacing is given to be Ax=Ar=/=0. 1 m. The 
explicit finite difference equations are determined on the basis of 
the energy balance for the transient case expressed as 


All sides 


^element P ^element ^ p 


rj-< / +1 rj-i 


m 


m 


At 


The quantities h, , and e 0 do not change with time, and thus 

we do not need to use the superscript i for them. The general 
explicit finite difference form of an interior node for transient two- 
dimensional heat conduction is expressed as 


h, Too 


h, ^ 


1 2 3 


P h , 7 T 

9 


9 1 

e 

i « 

5 

i 1 

-0 

oo 


h, 


^nocle - r (^left + ^top + ^right + ^bottom ) + (1 “ 4r )^node + T 


node 1 


There is symmetry about the vertical, horizontal, and diagonal lines passing through the center. Therefore, 
T\ = T 3 = T 1 = T 9 and T 2 = T 4 = T 6 = T% , and 7j , T 2 , and T 5 are the only 3 unknown nodal temperatures, 

and thus we need only 3 equations to determine them uniquely. Also, we can replace the symmetry lines 
by insulation and utilize the mirror-image concept when writing the finite difference equations for the 
interior nodes. The finite difference equations for boundary nodes are obtained by applying an energy 
balance on the volume elements and taking the direction of all heat transfers to be towards the node under 
consideration: 


Node 1: hl(T^ - 
Node 2: h-(T x 
Node 5 (interior): 


Ti)+k llLlL +k 


2 l 
i t! 


ITl-T . / 2 / 2 7Y +1 -7Y 

I - £ 0 — = p — c— L 

2 1 4 4 At 




2 / 

T' +l =(1-4 tY‘ + t 


■f k 


l T ] -T[ . / 


l 2 ji+ 1 _ T i 


±e () — = p — c 
2 l 4 4 


At 




i . 


• ,2 ^ 


where e 0 = 8 x 10 5 W/m 3 , / = 0. 1 m, and k = 28 W/m-°C, h = 45 W/m 2 -°C, and 7Z =30°C. 


The upper limit of the time step At is determined from the stability criteria that requires the 
coefficient of T l m in the 7^ +1 expression (the primary coefficient) be greater than or equal to zero for all 

nodes. The smallest primary coefficient in the 3 equations above is the coefficient of T[ in the 7j' +1 

expression since it is exposed to most convection per unit volume (this can be verified), and thus the 
stability criteria for this problem can be expressed as 

At - At — > 0 — > t < — > At < 

k 4(1 -vhllk) Aa(\ + hllk) 

9 

since t = aAt / / . Substituting the given quantities, the maximum allowable value of the time step is 
determined to be 


At < 


( 0.1 m ) 2 

4(1 2 x 1 0 m 2 /s) [1 + (45 W/m 2 ,°C)(0. 1 m) /(28 W/m.°C)] 


= 179 s 
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Therefore, any time step less than 179 s can be used to solve this problem. For convenience, we choose the 
time step to be At = 60 s. Then the mesh Fourier number becomes 


aAt 



(12xlCT 6 m 2 /s)(60 s) 
( 0.1m) 2 


0.072 


(for At = 60 s) 


Using the specified initial condition as the solution at time t- 0 (for i = 0), sweeping through the 3 
equations above will give the solution at intervals of 1 min. Using a computer, the solution at the center 
node (node 5) is determined to be 217.2°C, 302.8°C, 379.3°C, 447.7°C, 508.9°C, 612.4°C, 695. 1°C, and 
761.2°C at 10, 15, 20, 25, 30, 40, 50, and 60 min, respectively. Continuing in this manner, it is observed 
that steady conditions are reached in the medium after about 6 hours for which the temperature at the center 
node is 1023°C. 
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5-92E A plain window glass initially at a uniform temperature is subjected to convection on both sides. 
The transient finite difference formulation of this problem is to be obtained, and it is to be determined how 
long it will take for the fog on the windows to clear up (i.e., for the inner surface temperature of the 
window glass to reach 54°F). 

Assumptions 1 Heat transfer is one-dimensional since the window is large relative to its thickness. 2 
Thermal conductivity is constant. 3 Radiation heat transfer is negligible. 

Properties The conductivity and diffusivity are given to be k = 0.48 Btu/h.ft-°F and a = 4.2 x 10 ft /s . 

Analysis The nodal spacing is given to be Ax = 0.125 in. Then the number of nodes becomes 
M = L / Ax + l = 0.375/0.125+1 = 4. This problem involves 4 unknown nodal temperatures, and thus we 
need to have 4 equations. Nodes 2 and 3 are interior nodes, and thus for them we can use the general 
explicit finite difference relation expressed as 

2 


T ni - 1 _ 2 ^m + T L+l + 


e'«M 


rj~< i + 1 rji i 

1 m -* m 


-> C 1 =nC_ 1 +r,; !+1 )+(i-2r)r„' 


since there is no heat generation. The finite difference equation for nodes 1 and 4 on the surfaces subjected 
to convection is obtained by applying an energy balance on the half volume element about the node, and 
taking the direction of all heat transfers to be towards the node under consideration: 


Node 1 (convection) : h { (T t - T { ) + k 


n -t; 


or 


Node 2 (interior) : 
Node 3 (interior) : 


'T’Z + l 

1 1 “ 


Tl +1 =t(T{ +r 3 ') + (l-2z-)^ 


\-2t-2t 


Ax 
h, Ax 


Ax 

= P Y C r 


rji i + 1 rji 1 

1 l “ 1 1 


r/ + 2tT[ + 2 t 


At 

h:Ax 


7+ 1 = t(T{ +TI) + (1-2t)T; 


r j~' I r j~' l 

Node 4 (convection) : h () (T a -T^) + k 3 4 


Ax 


or 


r T' 1 _ 
1 4 - 


\-2t -2t 


h„ Ax 




Ax 

= p T c 

h n Ax 


r i + 1 rji i 

4 ~ i 4 

At 


T\ + 2tT +2 r— — T t 



h G 

T 0 


where Ax = 0.125/12 ft , k = 0.48 Btu/h.ft-°F, h x = 1.2 Btu/h.ft 2 -°F, T x =35+2*(t/60)°F (t in seconds), h 0 = 
2.6 Btu/h.ft -°F, and T 0 =35 °F. The upper limit of the time step At is determined from the stability criteria 

that requires all primary coefficients to be greater than or equal to zero. The coefficient of T 4 is smaller 
in this case, and thus the stability criteria for this problem can be expressed as 


hAx 

\-2t-2t >0 -> r< 


1 


-» At < 


Ax 


k 2(1 + hAx/ k) 2a(\ + hAx/ k) 

since r = aAt / Ax . Substituting the given quantities, the maximum allowable time step becomes 

(0. 125 / 12 ft ) 2 


A^ < 


= 12 . 2 s 


2(4.2 xlO " 6 ft 2 /s)[l + (2.6 Btu/h.ft 2 .°F)(0. 125/ 12 m)/(0.48Btu/h.ft.°F)] 

Therefore, any time step less than 12.2 s can be used to solve this problem. For convenience, let us choose 
the time step to be A^ = 10 s. Then the mesh Fourier number becomes 

aAt 


T = 


(4.2x10^ ft 2 /s)( 10 s) 


= 0.3871 


Ax - 2 ( 0. 1 25 / 1 2 ft ) 2 

Substituting this value of r and other given quantities, the time needed for the inner surface temperature of 
the window glass to reach 54°F to avoid fogging is determined to be never. This is because steady 
conditions are reached in about 156 min, and the inner surface temperature at that time is determined to be 
48.0°F. Therefore, the window will be fogged at all times. 
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5-93 The formation of fog on the glass surfaces of a car is to be 
prevented by attaching electric resistance heaters to the inner 
surfaces. The temperature distribution throughout the glass 15 
min after the strip heaters are turned on and also when steady 
conditions are reached are to be determined using the explicit 
method. 

Assumptions 1 Heat transfer through the glass is given to be 
transient and two-dimensional. 2 Thermal conductivity is constant. 
3 There is heat generation only at the inner surface, which will be 
treated as prescribed heat flux. 

Properties The conductivity and diffusivity are given to be 
k = 0.84 W/m-°C and a = 0.39 x 1(T 6 m 2 /s . 

Analysis The nodal spacing is given to be Ax: = 0.2 cm and Ay = 1 
cm. The explicit finite difference equations are determined on the 
basis of the energy balance for the transient case expressed as 


^gen, element P ^element c p 


rj~i i + 1 J l 


m 


m 


All sides 


At 


We consider only 9 nodes because of symmetry. Note that we do 
not have a square mesh in this case, and thus we will have to rely 
on energy balances to obtain the finite difference equations. Using 
energy balances, the finite difference equations for each of the 9 
nodes are obtained as follows: 


A A r T 1 l T 1 l A T 1 l T 1 l A A <T , /+1 'T' l 

Node 1: h, A?, + t „ ^AyZLzZL 

2 2 Ay 2 Ax p 2 2 At 


Thermal 
symmetry line 



Thermal 
symmetry line 


A T 1 l r T' I A r T' l r T' l 

Node 2: k + k + kAx ^ 


2 Ax 
Ay 


Ax 


rjl l rji l . rji / + 1 rji / 

T ‘ ~ T — = pc Ax— T 1 


Ay 


At 


a r T 1 i r r i a t’ i r n i a a t , /+ 1 r T' i 

Nod ~ T i 


Ay 


Ax 


p 


2 2 


At 


A T l r T l A T l r T l r T' l T* l A r T 1 

, Ax: 1 1 —la . Ax: In — 1 a . 1 * — 1 a Ax 1 

Node 4: h t A y(T i -T A ) + k — t- k — f kAy — = pc p Ay 


/ + 1 rji 1 

4 ~ 1 4 


Node 5: kAy 


n -n 


+ kAy 


Ay 
Tl -Tl 


+ kAx 


2 Ay 
To -Tl 


Ax Ax 

Node 6: h a Ay(T i -T^) + k Ar 


Ay 


— + kAx 2 


Ax 

Tl -Tl 


2 

i+i 


At 


Ay 


rj -1 l~r 1 rj T l 

5 — pc „AvAv Tj - T > 


At 


a i r T' i a r T' i t* i r T' i r T' i a t^/+ 1 t* i 

Ax T 3 —T 6 Ax Tg —T 6 T 5 —T 6 Ax T 6 -T 6 


Ay 


+ k 


Ay 


+ kAy 


Ax 


= pc n Ay 


p ' 2 At 
1+1 


A A r T~' l r n l A r T l r T~' l A A rjn l 

Node 7: 5 1 N + h i —(T i -Tj) + k + t A = „ ALAL A 

2 2 Ay 2 Ax p 2 2 At 


A 'T' l r T' I A r T' l r T' l 

Nod e8: k ALllxlA + k + kAx ^ 


2 Ax 
Ay 


Ax 


rji l rji l . rji / + 1 rji / 

T ' ~ T • -pc r ^ T » ~ T ‘ 


A * 


At 


A T’ i r T' i A T’ i T' I A A r T' i+1 r T' i 

Node 9: h a =^(T a - T >) + k — l±xlL + k^llxlA = pc ^ A - v T » " r » 


A.y 


Ax 




2 2 


Ar 
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where k = 0.84 W/m.°C, a = k/ pc = 0.39 xl(T 6 m 2 /s ,T X = T 0 = -3°C h x = 6 W/m 2 .°C, /* 0 = 20 W/m 2 .°C, 
Ax = 0.002 m, and Ay = 0.01 m. 

The upper limit of the time step At is determined from the stability criteria that requires the 


coefficient of T l m in the 7^ +1 expression (the primary coefficient) be greater than or equal to zero for all 


<i+l 


nodes. The smallest primary coefficient in the 9 equations above is the coefficient of T 6 in the T 6 

expression since it is exposed to most convection per unit volume (this can be verified). The equation for 
node 6 can be rearranged as 


r r /+ 1 _ 

1 6 


1 - 2aAt 


h. 


1 


1 


kAx Ay 2 Ax’ 


7*6 + 2aAt 


k T , n+n , t, 

— i 0 + — + — 


/ N \ 


kAx 


Ay 


Ax' 


Therefore, the stability criteria for this problem can be expressed as 


1 - 2aAt 


h . 


1 


1 


kAx Ay 2 Ax' 


> 0 -> At < 


1 


2 a 


h. 




kAx Ay 2 Ax' 


Substituting the given quantities, the maximum allowable value of the time step is determined to be 

1 


or, At < 


= 4.7 s 


2x(0.39xl0 6 m 2 Is) 


20 W/m -°C 


1 


1 


(0.84 W/m • °C)(0.002 m) (0.002 m) 2 (0.01 m) 


Therefore, any time step less than 4.8 s can be used to solve this problem. For convenience, we choose the 
time step to be At = 4 s. Then the temperature distribution throughout the glass 15 min after the strip 
heaters are turned on and when steady conditions are reached are determined to be (from the EES solutions 
in CD) 

15 min: T x = -2.4°C, T 2 = -2.4°C, T 3 = -2.5°C, T A = -1.8°C, T 5 = -2.0°C, 

T 6 = -2.7°C, r 7 = 12.3°C, r 8 = 10.7°C, T 9 = 9.6°C 
Steady-state: T x = -2.4°C, T 2 = -2.4°C, T 3 = -2.5°C, T 4 = -1.8°C, T 5 = -2.0°C, 

T 6 = -2.7°C, r 7 = 12.3°C, r 8 = 10.7°C, T 9 = 9.6°C 
Discussion Steady operating conditions are reached in about 8 min. 
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5-94 The formation of fog on the glass surfaces of a car is to be 
prevented by attaching electric resistance heaters to the inner 
surfaces. The temperature distribution throughout the glass 15 min 
after the strip heaters are turned on and also when steady 
conditions are reached are to be determined using the implicit 
method with a time step of At = 1 min. 

Assumptions 1 Heat transfer through the glass is given to be 
transient and two-dimensional. 2 Thermal conductivity is constant. 
3 There is heat generation only at the inner surface, which will be 
treated as prescribed heat flux. 

Properties The conductivity and diffusivity are given to be 
k = 0.84 W/m-°C and a = 0.39 x 1(T 6 m 2 /s . 


Analysis The nodal spacing is given to be Ax: = 0.2 cm and Ay = 1 
cm. The implicit finite difference equations are determined on the 
basis of the energy balance for the transient case expressed as 


Ze i+1 

All sides 


^gen,element P ^element C 


'-p i+\ r p i 

1 m 1 m 

At 


We consider only 9 nodes because of symmetry. Note that we 
do not have a square mesh in this case, and thus we will have 
to rely on energy balances to obtain the finite difference 
equations. Using energy balances, the finite difference 
equations for each of the 9 nodes are obtained as follows: 


Thermal 
symmetry line 



Node 1: 
Node 2: 
Node 3: 


A A T»i+1 rji i + l 4 rji |+1 rjl | + 1 

hj —(Tj -T^ +, ) + k —— — — hk — — — +! — = pc 

' 2 ' 1 2 Ay 2 Ax p 2 2 


Ax Ay r/ +1 -TV 


At 


4 T»i+1 rj-\ |+1 4 rji i-\-\ rji |+1 rji | + 1 ' 71 / + I 1 rji £+1 rj-i | 

k i» T, -T, -T t +kA J, -T t , -T 2 


Ax 


Ax 


Ay 


At 


A A T 1 iTl r T' t + 1 


Ay 


A T 1 1 + 1 r T' I + l A A T» 1 + 1 rjl i 

3 | ^ Ay *2 ~ '3 _ pc Ax Ay T 3 -T 3 


Ax 


p 


2 2 


At 


N4: h l Ay(J l -T‘ + ') + k 


4 rji i + 1 rji i+l 

Ax 1 j 1 4 

2 Ay 


f k 


\ r p I+l t i+l 

Ax i 7 — 1 4 

2 Ay 


f kAy 


7 1 i+l rj-t i+l 

5 ~ 1 4 

Ax 


= pc, Ay 


A r T' i+l r T' 1 

Ax 1 4 — 1 4 

2 At 


Node 5: kAy 


tA -t 


i+l 


Ax: 


+ kAy 


tA -t 


i+l 


Ax: 


+ kAx 


tA-t. 


i+l 


Ay 


+ kAx 


r i+l rji i+l 

2 ~ 7 5 

Ay 


- pc p Ax Ay 


T. 


i+i 


-n 


At 


i+i 


m-.h 0 Ay(T l -TA) + k 


Ax T+ -T , 
2 Ay 


i+l 


i+l 


+ k 


A T l Tl rj-1 

Ax 1 9 ~ 1 i 
2 Ay 


i+i 


+ kAy 


tA-t, 

Ax 


i+i 


= pc p Ay 


Ax AAA 

2 Af 


Node 7: 
Node 8 : 
Node 9: 


5W + / ; ,.^(T,.-r' +1 ) + ^ 


4 'yi + 1 '7 _ » i" +1 1 'yi + 1 'yi + 1 1 4 71 i+l rji / 

Ax f 4 — 1 7 j Ay i g — 1 7 Ax Ay 1 7 — 1 7 

I - k — pc 


Ay 


Ax 


p 


2 2 


Af 


4 'T-'i+l 'T-'i+l 4 7 I + l 7/+I 7I+I 'T-'l+l 4 7 i+l 7 I 

^ - r » + 44 +* - r » .pc-A+ >T ‘ - T ‘ 


Ax 


h 0 ~~ (T a - Tg +1 ) + k 


Ax 


Ay 


\ 7 1 + 1 'T'l + l 4 T-'l + l T-'i + l 4 4 T l 

Ax 1 5 — f 9 ^ Ay f g — f 9 Ax Ay f 9 — f 9 

h k — pc 


Ay 


Ax 


2 Af 

i+i 

txx i\y ii 
p 2 2 At 
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where k = 0.84 W/m.°C, a = k/pc p = 0.39 x 10~ 6 m 2 /s ,T X = T 0 = -3°C h { = 6 W/m 2 .°C, h 0 = 20 W/m 2 .°C, 

Ax = 0.002 m, and Ay = 0.01 m. Taking time step to be At = 1 min, the temperature distribution throughout 
the glass 15 min after the strip heaters are turned on and when steady conditions are reached are 
determined to be (from the EES solutions in the CD) 

15 min: T x = -2.4°C, T 2 = -2.4°C, T 3 = -2.5°C, T 4 = -1.8°C, T 5 = -2.0°C, 

T 6 = -2.7°C, r 7 = 12.3°C, r 8 = 10.7°C, Tg = 9.6°C 
Steady-state: T x = -2.4°C, T 2 = -2.4°C, T 3 = -2.5°C, T 4 = -1.8°C, T 5 = -2.0°C, 

T 6 = -2.7°C, r 7 = 12.3°C, r 8 = 10.7°C, Tg = 9.6°C 
Discussion Steady operating conditions are reached in about 8 min. 
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T. 


5-95 The roof of a house initially at a uniform temperature is subjected to convection and radiation on both 
sides. The temperatures of the inner and outer surfaces of the roof at 6 am in the morning as well as the 
average rate of heat transfer through the roof during that night are to be determined. 

Assumptions 1 Heat transfer is one-dimensional. 2 Thermal properties, heat transfer coefficients, and the 
indoor and outdoor temperatures are constant. 3 Radiation heat transfer is significant. 

Properties The conductivity and diffusivity are given to 

be k = 1.4 W/m.°C and a = 0.69 x 1(T 6 m 2 /s . The 
emissivity of both surfaces of the concrete roof is 0.9. 

Analysis The nodal spacing is given to be Ax = 0.03 m. 

Then the number of nodes becomes M = L / Ax + \ = 

0.15/0.03+1 = 6. This problem involves 6 unknown 
nodal temperatures, and thus we need to have 6 
equations. Nodes 2, 3, 4, and 5 are interior nodes, and 
thus for them we can use the general explicit finite 
difference relation expressed as 


sky 


Radiation 


Convection 


K, T 0 


Concrete 

roof 


T m - 1 “ 2T !n + T m + 1 + 




T, 


i + 1 
m 


-T l 

m 



i + 1 _ / t' i . t 1 i \ 1 o _ \ r T' i . _ ^ m 


-> T- = r(T^ +0) + (l-2r)r' +r 


Ax 


Radiation 


Convection 

K Ti 


The finite difference equations for nodes 1 and 6 subjected to 
convection and radiation are obtained from an energy balance 
by taking the direction of all heat transfers to be towards the 
node under consideration: 


Node 1 (convection) : 

K (T, 

Node 2 (interior) : 

p /+1 

1 2 

Node 3 (interior) : 

P /+1 

Node 4 (interior) : 

P /+1 

i 4 

Node 5 (interior) : 

P /+1 

i 5 

Node 6 (convection) : 

K(T 0 


n -t; 

Ax 


+ £( 7 


Tin ~(Ti +273) 


Ax 

=/« 


p 


r T 1 1 + 1 p i 

M " 1 1 

At 


= t ( t ( +r 3 / )+(i-2r)r^ 

= r(r 3 / +r 5 / )+(i-2r)ri 
= r (T l + Tg ) + (1 - 2t )T$ 


n ~ T e 

Ax 
-6 


+ SO 


Fsky -C ^ +273) 4 


Ax 

= /? T c 


P 


rp i + 1 p i 
1 6 ~ 1 6 

At 


where £=1.4 W/m.°C, cc = k / pc p = 0.69xl(T o m z /s , T t = 20°C, T wall = 293 K, T 0 = 6°C, T sky =260 K, 
h x = 5 W/m .°C, /z 0 = 12 W/m .°C, Ax = 0.03 m, and At = 5 min. Also, the mesh Fourier number is 


T = 


(0.69 xl0~ 6 m 2 /s)(300s) 


Ax 


(0.03 m) 


= 0.230 


Substituting this value of r and other given quantities, the inner and outer surface temperatures of the roof 
after 12x(60/5) = 144 time steps (12 h) are determined to be T x = 10.3°C and T 6 = -0.97°C. 

( b ) The average temperature of the inner surface of the roof can be taken to be 


T 


^l@6PM + ^1@6AM 


18 + 10.3 


1 ,avg 


= 14.15°C 


Then the average rate of heat loss through the roof that night becomes 
Q avg = h,A s (T l - T lave ) + eoA s \rl u -(T‘ +213)\ 


= (5 W/m 2 -°C)( 18x32 m 2 )(20- 14.15)°C 

+ 0.9(18 x 32 m 2 )(5. 67 xlO’ 8 W/m 2 -K 4 )[(293K) 4 -(14.15 + 273 K) 4 ] 

= 33,640 W 
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5-96 A refrigerator whose walls are constructed of 3-cm thick urethane insulation malfunctions, and stops 
running for 6 h. The temperature inside the refrigerator at the end of this 6 h period is to be determined. 

Assumptions 1 Heat transfer is one-dimensional since the walls are large relative to their thickness. 2 
Thermal properties, heat transfer coefficients, and the outdoor temperature are constant. 3 Radiation heat 
transfer is negligible. 4 The temperature of the contents of the refrigerator, including the air inside, rises 
uniformly during this period. 5 The local atmospheric pressure is 1 atm. 6 The space occupied by food and 
the corner effects are negligible. 7 Heat transfer through the bottom surface of the refrigerator is negligible. 
Properties The conductivity and diffusivity are given to be 
k = 0.026 W/m.°C and a = 0.36 xlO -6 m 2 /s . The average 
specific heat of food items is given to be 3.6 kJ/kg.°C. The 
specific heat and density of air at 1 atm and 3°C are c p = 

l. 006 kJ/kg.°C and p= 1.28 kg/m 3 (Table A- 15). 

Analysis The nodal spacing is given to be Ax = 0.01 \ Ax 

m. Then the number of nodes becomes 

M = L / Ax + 1 = 0.03/0.01+1 = 4. This problem | \ 

involves 4 unknown nodal temperatures, and thus 
we need to have 4 equations. Nodes 2 and 3 are 
interior nodes, and thus for them we can use the 
general explicit finite difference relation expressed 
as 

.2 


h 0 

T 0 


Refrigerator 

wall 


hi 

Ti 


T l — r )T l A.T l _l 
1 m - 1 m ^ 1 m + 1 ^ 




p l+l p 1 

1 m 1 m 


-> T 


i+l 


m 


■ e A x 

= r(r'- 1+ r' +1 ) + (i-2r)r' +r^— 


The finite difference equations for nodes 1 and 4 subjected to convection and radiation are obtained from 
an energy balance by taking the direction of all heat transfers to be towards the node under consideration: 


Node 1 (convection) : 

h o(T 0 

Node 2 (interior) : 

p i+l 

i 2 

Node 3 (interior) : 

P i+l 

3 

Node 4 (convection) : 

K ( T 5 


) + k Ax ~ P 2 p 
= r(T‘ +t;)+(i-2t)tI 
= t(T[ + T' a ) + (\-2 t)T1, 


p i + l p 1 
1 \ " 1 1 

At 


-Tl 


Ax 

= p T c 


p i+l p i 
l 4 _i 4 


Ax ' 2 p At 

.2 or-' \\t / 2 


where T 5 =T X = 3°C (initially), T a = 25°C, h { = 6 W/m z .°C, h a = 9 W/m z .°C, Ax: = 0.01 m, and At = 1 min. 
Also, the mesh Fourier number is 


T = 


ccAt _ (0.36xlQ~ 6 m 2 /s)(60 s) 


= 0.216 


Ax (0.01 m) z 

The volume of the refrigerator cavity and the mass of air inside are 


l/ = (1.80 -0.03X0.8 -0.03X0.7 -0.03) = 0.913 m 


m air =pU = ( 1.28 kg/m 3 )(0.9 1 3 m 3 ) = 1 . 1 7 kg 
Energy balance for the air space of the refrigerator can be expressed as 
Node 5 (refrig, air) : h i A i (Jl -T^) = (, mc p AT) air + (me p AT) food 


or 


h i A i ( T 4 - T s) = Y mc p)air + ( mc p ) food ] 


Tp -T 5 
At 


where A,. = 2(1.77 x0.77) + 2(1.77 x0.67) + (0.77 x0.67) = 5.6135 m 2 

Substituting, temperatures of the refrigerated space after 6x60 = 360 time steps (6 h) is determined to be 
7j n = T 5 = 19.6°C 
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5-97 EES Prob. 5-96 is reconsidered. The temperature inside the refrigerator as a function of heating time 
is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
t_jns=0.03 [m] 
k=0.026 [W/m-C] 
alpha=0.36E-6 [m A 2/s] 

T_i=3 [C] 
h_i=6 [W/m A 2-C] 
h_o=9 [W/m A 2-C] 

T_infinity=25 [C] 
m_food=15 [kg] 

C_food=3600 [J/kg-C] 

DELTAx=0.01 [m] 

DELTAt=60 [s] 
time=6*3600 [s] 

"PROPERTIES" 

rho_air=density(air, T=T_i, P=101.3) 

C_air=CP(air, T=TJ)*Convert(kJ/kg-C, J/kg-C) 

"ANALYSIS" 

M=t_ins/DELTAx+1 "Number of nodes" 
tau=(alpha*DELTAt)/DELTAx A 2 
RhoC=k/alpha "RhoC=rho*C" 

"The technique is to store the temperatures in the parametric table and recover them (as old 
temperatures) 

using the variable ROW. The first row contains the initial values so Solve Table must begin 
at row 2. 

Use the DUPLICATE statement to reduce the number of equations that need to be typed. 
Column 1 

contains the time, column 2 the value of T[1], column 3, the value of T[2], etc., and column 7 
the Row." 

Time=TableValue('Table 1 ', Row-1 ,#Time)+DELTAt 
Duplicate i=1 ,5 

T_old[i]=TableValue('Table 1', Row-1 ,#T[i]) 
end 

"Using the explicit finite difference approach, the six equations for the six unknown 
temperatures are determined to be" 

h_o*(T_infinity-T_old[1 ])+k*(T_old[2]-T_old[1 ])/DELTAx=RhoC*DELTAx/2*(T[1 ]- 
T_old[1])/DELTAt "Node 1 , convection" 

T[2]=tau*(T_old[1 ]+T_old[3])+(1 -2*tau)*T_old[2] "Node 2" 
T[3]=tau*(T_old[2]+T_old[4])+(1-2*tau)*T_old[3] "Node 3" 
h_i*(T_old[5]-T_old[4])+k*(T_old[3]-T_old[4])/DELTAx=RhoC*DELTAx/2*(T[4]- 
T_old[4])/DELTAt "Node 4, convection" 

hJ*A_i*(T_old[4]-T_old[5])=m_air*C_air*(T[5]-T_old[5])/DELTAt+m_food*C_food*(T[5]- 
T_old[5])/DELTAt "Node 5, refrig, air" 

A_i=2*(1.8-0.03)*(0.8-0.03)+2*(1.8-0.03)*(0.7-0.03)+(0.8-0.03)*(0.7-0.03) 

m_air=rho_air*V_air 

V ai r=(1 .8-0.03)*(0.8-0.03)*(0.7-0.03) 
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Time [s] 

T, [C] 

t 2 [C] 

T, [C] 

t 4 [C] 

T s [C] 

Row 


3 

3 

3 

3 

3 

1 

60 

35.9 

3 

3 

3 

3 

2 

120 

5.389 

10.11 

3 

3 

3 

3 

180 

36.75 

7.552 

4.535 

3 

3 

4 

240 

6.563 

13.21 

4.855 

3.663 

3 

5 

300 

37 

9.968 

6.402 

3.517 

3.024 

6 

360 

7.374 

15.04 

6.549 

4.272 

3.042 

7 

420 

37.04 

11.55 

7.891 

4.03 

3.087 

8 

480 

8.021 

16.27 

7.847 

4.758 

3.122 

9 

540 

36.97 

12.67 

8.998 

4.461 

3.182 

10 



... 









• • • 



35460 

24.85 

24.23 

23.65 

23.09 

22.86 

592 

35520 

24.81 

24.24 

23.65 

23.1 

22.87 

593 

35580 

24.85 

24.23 

23.66 

23.11 

22.88 

594 

35640 

24.81 

24.24 

23.67 

23.12 

22.88 

595 

35700 

24.85 

24.24 

23.67 

23.12 

22.89 

596 

35760 

24.81 

24.25 

23.68 

23.13 

22.9 

597 

35820 

24.85 

24.25 

23.68 

23.14 

22.91 

598 

35880 

24.81 

24.26 

23.69 

23.15 

22.92 

599 

35940 

24.85 

24.25 

23.69 

23.15 

22.93 

600 

36000 

24.82 

24.26 

23.7 

23.16 

22.94 

601 
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Special Topic: Controlling the Numerical Error 

5-98C The results obtained using a numerical method differ from the exact results obtained analytically 
because the results obtained by a numerical method are approximate. The difference between a numerical 
solution and the exact solution (the error) is primarily due to two sources: The discretization error (also 
called the truncation or formulation error) which is caused by the approximations used in the formulation 
of the numerical method, and the round-off error which is caused by the computers' representing a number 
by using a limited number of significant digits and continuously rounding (or chopping) off the digits it 
cannot retain. 


5-99C The discretization error (also called the truncation or formulation error) is due to replacing the 
derivatives by differences in each step, or replacing the actual temperature distribution between two 
adjacent nodes by a straight line segment. The difference between the two solutions at each time step is 
called the local discretization error. The total discretization error at any step is called the global or 
accumulated discretization error. The local and global discretization errors are identical for the first time 
step. 


5-100C Yes, the global (accumulated) discretization error be less than the local error during a step. The 
global discretization error usually increases with increasing number of steps, but the opposite may occur 
when the solution function changes direction frequently, giving rise to local discretization errors of 
opposite signs which tend to cancel each other. 


5-101C The Taylor series expansion of the temperature at a specified nodal point m about time is 

rj-< ( . , -TV . , , A 8T(x m , tj ) 1 2 d 2 T(x ,tj) 

T(x m > tj + At) = T(x m ,t,) + At + -A t — + ••• 

dt 2 8t 

The finite difference formulation of the time derivative at the same nodal point is expressed as 

dT(x m Ji) 


dT(x m ,tj) ~ T(x m , t t + At) -T(x m , ti) C 1 -T‘ t 


or T ( x m , ti + Ar) = T ( x m ,t t ) + At 


dt At At 

which resembles the Taylor series expansion terminated after the first two terms. 


dt 
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5-102C The Taylor series expansion of the temperature at a specified nodal point m about time t { is 

T(x m , t + At) = T(x m ,?,-) + Af dT(Xm Ji) +-At 2 a27 ’ (Xm,f ' ) ' 


3r 2 Qt 2 

The finite difference formulation of the time derivative at the same nodal point is expressed as 

ST(x m , /■) 


5T (x m ,h) t ( x m ,t t + At) -t (x m , t t ) _ C 1 - r; 




Af 


Af 


or T (x„ , f.- + Af ) = T ,ti) + At 


dt 


which resembles the Taylor series expansion terminated after the first two terms. Therefore, the 3rd and 
following terms in the Taylor series expansion represent the error involved in the finite difference 
approximation. For a sufficiently small time step, these terms decay rapidly as the order of derivative 
increases, and their contributions become smaller and smaller. The first term neglected in the Taylor series 

expansion is proportional to (At) , and thus the local discretization error is also proportional to (Af) . 


The global discretization error is proportional to the step size to At itself since, at the worst case, 
the accumulated discretization error after I time steps during a time period t 0 is 

I At 2 = (f 0 / At) At 2 = t 0 At which is proportional to At. 


5-103C The round-off error is caused by retaining a limited number of digits during calculations. It 
depends on the number of calculations, the method of rounding off, the type of the computer, and even the 
sequence of calculations. Calculations that involve the alternate addition of small and large numbers are 
most susceptible to round-off error. 


5-104C As the step size is decreased, the discretization error decreases but the round-off error increases. 


5-105C The round-off error can be reduced by avoiding extremely small mess sizes (smaller than 
necessary to keep the discretization error in check) and sequencing the terms in the program such that the 
addition of small and large numbers is avoided. 


5-106C A practical way of checking if the round-off error has been significant in calculations is to repeat 
the calculations using double precision holding the mesh size and the size of the time step constant. If the 
changes are not significant, we conclude that the round-off error is not a problem. 


5-107C A practical way of checking if the discretization error has been significant in calculations is to start 
the calculations with a reasonable mesh size Aj: (and time step size At for transient problems), based on 
experience, and then to repeat the calculations using a mesh size of Ax/2. If the results obtained by halving 
the mesh size do not differ significantly from the results obtained with the full mesh size, we conclude that 
the discretization error is at an acceptable level. 
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Review Problems 


5-108 Starting with an energy balance on a volume 
element, the steady three-dimensional finite difference 
equation for a general interior node in rectangular 
coordinates for T(x, y, z) for the case of constant thermal 
conductivity and uniform heat generation is to be obtained. 

Analysis We consider a volume element of size 
Avx Ay x Az centered about a general interior node (m, n, r) 

in a region in which heat is generated at a constant rate of 
e 0 and the thermal conductivity k is variable. Assuming the 

direction of heat conduction to be towards the node under 
consideration at all surfaces, the energy balance on the 
volume element can be expressed as 


2cond, left + Scond, top + Scond, right 2cond, bottom Qc ond, front 



for the steady case. Again assuming the temperatures between the adjacent nodes to vary linearly, the 
energy balance relation above becomes 


T —T T —T 

... * x M m,n,r , , . . x x m,n+l,r M m,n,r 

k(Ay x A z) : + k(Ax x A z) 


Ax 


Ay 


T —T T —T 

» / a a \ m+\,n,r m.n.r , , . A \ m,n-l,r m.n.r 

+ k( Ay x A z) : + k{ Ax x A z) 


Ax 


A .y 


T —T T —T 

+ k(Avx Ay) + A:(Avx Ay) b£ 0 (Avx Ay x Az) = 0 

Az Az 

Dividing each term by k Ax x Ay x Az and simplifying gives 


t ot I 7 ^ T IT -\-T T IT _i_ T 

1 m—\,n,r z ' 1 m,n,r ' 1 m+l,n,r 1 m,n-l,r J ^ 1 m,n,r ' 1 m,n+l,r 1 m,n,r — 1 ^ 1 m,n,r ' 1 m,n,r + 1 ^() 


Ar 2 Ay z Az' 

For a cubic mesh with Aj: = Ay = A z = l, and the relation above simplifies to 


= 0 


T T T T 1 T 1 T 1 fVT 

■* m-\,n,r ' 1 m+l,n,r ' * m,n—l,r ' * m,n—l,r ' * m,n,r-\ ' * m,n,r+\ m,n,r ' 


e 0 l 2 


= 0 


It can also be expressed in the following easy-to-remember form: 

e l 2 

T Mt + T top + Lght + ^bottom + Lront + Lack “ 6 Lode + = 0 


ra +1 


r+1 
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5-109 Starting with an energy balance on a volume element, the three-dimensional transient explicit finite 
difference equation for a general interior node in rectangular coordinates for T(x, y, z, t) for the case of 
constant thermal conductivity k and no heat generation is to be obtained. 


Analysis We consider a rectangular region in which 
heat conduction is significant in the x and y directions. 
There is no heat generation in the medium, and the 
thermal conductivity k of the medium is constant. Now 
we divide the x-y-z region into a mesh of nodal points 
which are spaced Ax, Ay, and A z apart in the x, y, and 
z directions, respectively, and consider a general interior 
node (m, n, r) whose coordinates are x = raAx, y = nAy, 
are z = rA z. Noting that the volume element centered 
about the general interior node (m, n, r) involves heat 
conduction from six sides (right, left, front, rear, top, 
and bottom) and expressing them at previous time step 
/, the transient explicit finite difference formulation for 
a general interior node can be expressed as 



m + 1 


r+1 


k(AyxAz.) 


'T' l yr Z 

1 * m,n,r 

Ax 


+ k(Axx Az) 


T l 

m,n+\,r 


-T 


i 

m,n,r 


Ay 


+ k(Ay x Az) 


y Z yr Z 

* m+l,n,r ■* m,n,r 

Ax 


y Z y Z y Z y Z y Z y Z 

r / a * x 1 m,n—l,r -* m.n.r , / x 1 m.n.r - 1 1 m.n.r , / . . N 1 m,n,r+\ * m.n.r 

+ A: (Ax x Az) : + A: (Ax x Ay) + k( Ax x Ay) — 


Ay 


Az 


Az 


= p(AxxAyxl)c 


yZ+l '-pi 
1 m,n 1 m,n 

At 


Taking a cubic mesh (Ax = Ay = Az = /) and dividing each term by k gives, after simplifying, 


T’Z | y Z . rpl iT'-’Z _|_ r r l | r p Z fCT 1 

1 m—\,n,r ' m+l,n,r ^ ■* m,n+l,r ' ■* m,n-l,r ' -* z?z,z?,r-l ' ■* m,n,r+l m,n,r ~ 


rp Z + 1 rp i 

1 m,n,r -* m,n,r 


2 

where a-k!pc is the thermal diffusivity of the material and r = aAA / / is the dimensionless mesh 

Fourier number. It can also be expressed in terms of the temperatures at the neighboring nodes in the 
following easy-to-remember form: 

rp Z+l rp i 

rp i rp i rp / 'ti z . 'y z . 't - ' z" (ZT' ^ node nods 

left ' -* top ' -* right ' ^ bottom ' front ' back — node — 

T 

Discussion We note that setting T^e = r n ? ode gives the steady finite difference formulation. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




5-94 


5-110 A plane wall with variable heat generation and constant thermal conductivity is subjected to 
combined convection and radiation at the right (node 3) and specified temperature at the left boundary 
(node 0). The finite difference formulation of the right boundary node (node 3) and the finite difference 
formulation for the rate of heat transfer at the left boundary (node 0) are to be determined. 


Assumptions 1 Heat transfer through the wall is given 
to be steady and one-dimensional. 2 The thermal 
conductivity is given to be constant. 


£ 


T 

J SUIT 


Analysis Using the energy balance approach and taking 
the direction of all heat transfers to be towards the node 
under consideration, the finite difference formulations 
become 

Right boundary node (all temperatures are in K): 


e(x) 



scrA(T^ n - T 3 4 ) + hA(T x -T 3 ) + kA I^J± + e 3 (AAx / 2) = 

Av 


n 



Radiation 



Convectio 

n 


Heat transfer at left surface: 


£?left surface + ^ + ^ ( AAx 1 2 ) = 0 

Av 


5-111 A plane wall with variable heat generation and variable thermal conductivity is subjected to uniform 
heat flux q 0 and convection at the left (node 0) and radiation at the right boundary (node 2). The explicit 


transient finite difference formulation of the problem using the energy balance approach method is to be 
determined. 


Assumptions 1 Heat transfer through the wall is 
given to be transient, and the thermal conductivity 
and heat generation to be variables. 2 Heat transfer 
is one-dimensional since the plate is large relative to 
its thickness. 3 Radiation from the left surface, and 
convection from the right surface are negligible. 

Analysis Using the energy balance approach and taking 
the direction of all heat transfers to be towards the node 
under consideration, the explicit finite difference 
formulations become 


Convectio 



i y / y/ + 1 / 

Left boundary node (node 0): k' 0 A — — + q () A + M(T 00 - ) + e l 0 (AAx / 2) = pA — c — — 

Ar 2 At 


rj-l 1 rj-i 1 rj-i / rjp / y I / + 1 y » Z 

Interior node (node 1): k[A— — + k[A— — + e[(AAx) = pAAxc — 1 


Av 


Ar 


At 


Right boundary node (node 2): 


k\A x 


T! -Ti 


+ ecrA[(T' un . + 273) 4 - (Ti + 273) 4 ] + eU AAx / 2) = pA — c 
Ax 2 


Ajc r 9 /+1 -Ti 


At 
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5-112 A plane wall with variable heat generation and variable thermal conductivity is subjected to uniform 
heat flux q 0 and convection at the left (node 0) and radiation at the right boundary (node 2). The implicit 

transient finite difference formulation of the problem using the energy balance approach method is to be 
determined. 


Assumptions 1 Heat transfer through the wall is given 
to be transient, and the thermal conductivity and heat 
generation to be variables. 2 Heat transfer is one- 
dimensional since the plate is large relative to its 
thickness. 3 Radiation from the left surface, and 
convection from the right surface are negligible. 
Analysis Using the energy balance approach and taking 
the direction of all heat transfers to be towards the node 
under consideration, the implicit finite difference 
formulations become 
Left boundary node (node 0): 



K +1 A T ' 


i + 1 


-T, 


i+l 


i + 1 


Ax: 


Ay y 1 

+ q Q A + hA(T x - T‘ +1 ) + e' 0 +1 (AAx / 2) = pA — c p 

L LAI 


-To 


Interior node (node 1): 


k[ +l A 


- t 

Ax 


i+l 


+ k[ +1 A 


TP 1 - T \ 


I+l 


f- e[ +l (AAx:) = pAAxc 


Ax 


p 


T i+\ _ 7i 
At 


Right boundary node (node 2): 


T ,I ' + l — T i+i A r 

k' 2 +1 A- — + £ aA[{T l s ^ +273) 4 ~(T 2 +1 +213) 4 ] + e‘-, +1 (AAx/2) = pA — c„ 

Ax 2 


h. 1 2 

At 


5-113 A pin fin with convection and radiation heat transfer from its tip is considered. The complete finite 
difference formulation for the determination of nodal temperatures is to be obtained. 

Assumptions 1 Heat transfer through the pin fin is given to be steady and one-dimensional, and the thermal 
conductivity to be constant. 2 Convection heat transfer coefficient and emissivity are constant and 
uniform. 

Assumptions 1 Heat transfer through the wall is given to be steady 
and one-dimensional, and the thermal conductivity and heat 
generation to be variable. 2 Convection heat transfer at the right 
surface is negligible. 

Analysis The nodal network consists of 3 nodes, and the base 
temperature To at node 0 is specified. Therefore, there are two 
unknowns T\ and T 2 , and we need two equations to determine 
them. Using the energy balance approach and taking the direction 
of all heat transfers to be towards the node under consideration, 
the finite difference formulations become 
Node 1 (at midpoint): 

kA\L + kA IlZlL + h(pAx)(Too - Tl ) + £cr(pAx)[T* n -( T ! + 273) 4 ] = 0 
Ax: Ax: 

Node 2 (at fin tip): 

kA Tl ~ Tl + h(pAx / 2 + A)(T„ -T 2 ) + £a(pAx/2+A)[T s l n ~(T 2 +273) 4 ] = 0 
Ax: 

where A = tzD / 4 is the cross-sectional area and p = kD is the perimeter of the fin. 


h, T 0 


Convectio 


Ax 1 1 

l 

'0 \ *1 1 

L) 

< 


Radiation 

T 

JL Qiirr 
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5-114 Starting with an energy balance on a volume element, the two-dimensional transient explicit finite 
difference equation for a general interior node in rectangular coordinates for T(x, y, t) for the case of 
constant thermal conductivity k and uniform heat generation e 0 is to be obtained. 


Analysis (See Figure 5-24 in the text). We consider a rectangular region in which heat conduction is 
significant in the x and y directions, and consider a unit depth of Az = 1 in the z direction. There is uniform 
heat generation in the medium, and the thermal conductivity k of the medium is constant. Now we divide 
the x-y plane of the region into a rectangular mesh of nodal points which are spaced Ax and Ay apart in 
the x and y directions, respectively, and consider a general interior node ( m , n) whose coordinates are 
x = mAx and y = nAy . Noting that the volume element centered about the general interior node (m, n) 

involves heat conduction from four sides (right, left, top, and bottom) and expressing them at previous time 
step i, the transient explicit finite difference formulation for a general interior node can be expressed as 


rp l rp l r f I r T 1 l r p l r p l r p l r p l 

, , . , x 1 m-l,n 1 m.n , 1 m,n + 1 1 m.n , / A , x 1 m+l,n 1 m.n , , . iX 1 m.n - 1 1 m.n 

k(A y x 1) + k(Ax x 1) + k(A y x 1) : + k( Ax x 1) 


Ax Ay 

TL 

+ e 0 (Ax x Ay x 1) = p(Ax x Ay x 1 )c p 


Ax 


Ay 


rjl i' + l rji i 

1 m.n ■* m.n 


At 


Taking a square mesh (Ax = Ay = l) and dividing each term by k gives, after simplifying, 


t 1 +T l +T l +T l — AT 1 

1 m-\,n ' 1 m+l,n ' 1 m,n + 1 ~ 1 m,n-l m,n 


,/ 


r-p / + 1 rp i 

1 m,n ■* m,n 


2 

where a -k / pc p is the thermal diffusivity of the material and t = aAt / 1 is the dimensionless mesh 

Fourier number. It can also be expressed in terms of the temperatures at the neighboring nodes in the 
following easy-to-remember form: 


r; eft +tL +r..L. +ri 


top 


right 


bottom 


-AT, 


e 0 i 


rp i + 1 rp i 

1 node 1 node 


node 


Discussion We note that setting r n ' ( | c j e = r n ' ode gives the steady finite difference formulation. 
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5-115 Starting with an energy balance on a disk volume element, the one-dimensional transient implicit 
finite difference equation for a general interior node for T(z, t) in a cylinder whose side surface is 

subjected to convection with a convection coefficient of h and an ambient temperature of T for the case of 
constant thermal conductivity with uniform heat generation is to be obtained. 

Analysis We consider transient one-dimensional heat 
conduction in the axial z direction in a cylindrical rod of 
constant cross-sectional area A with constant heat generation 
e 0 and constant conductivity k with a mesh size of A z in the z 

direction. Noting that the volume element of a general interior 
node m involves heat conduction from two sides, convection 
from its lateral surface, and the volume of the element is 
^element = ^Az , the transient implicit finite difference 
formulation for an interior node can be expressed as 



hp\z(T x 


,i+i 


K ) + kA 


rjl i + 1 rji i + 1 

m - 1 m 

A z 


'T’Z +1 

kA- m+l 


-T. 


i + 1 
m 


A z 


+ e 0 AAz = pAAzc 


rj-i 


m 


m 


At 


2 • 

where A - nD / 4 is the cross-sectional area. Multiplying both sides of equation by AzIikA ), 


hpAz 2 
kA 


(^-CVoC 1 


m — 1 



TT’Z+l 

1 m 


) 


k 


pAz~c p 

kAt 



Using the definitions of thermal dijfusivity a -k / pc p and the dimensionless mesh Fourier 


number r = the equation reduces to 

Az 2 


hpAz z rrp , trpM , Ti+ i , e 0 Az z _ (Tp -T‘ n ) 

~ Uoo 1 m l + lVl +i m+l ZJ m ) H ~ “ ~ 


z+1 


Discussion We note that setting T m = T m gives the steady finite difference formulation. 
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5-1 16E The roof of a house initially at a uniform temperature is subjected to convection and radiation on 
both sides. The temperatures of the inner and outer surfaces of the roof at 6 am in the morning as well as 
the average rate of heat transfer through the roof during that night are to be determined. 

Assumptions 1 Heat transfer is one-dimensional since the roof is large relative to its thickness. 2 Thermal 
properties, heat transfer coefficients, and the indoor temperatures are constant. 3 Radiation heat transfer is 
significant. 4 The outdoor temperature remains constant in the 4-h blocks. 5 The given time step At = 5 min 
is less than the critical time step so that the stability criteria is satisfied. 

Properties The conductivity and diffusivity are given to k 

= 0.81 Btu/h.ft.°F and a = 7.4 x 1(T 6 ft 2 /s . The 
emissivity of both surfaces of the concrete roof is 0.9. 

Analysis The nodal spacing is given to be Ax = 1 in. 

Then the number of nodes becomes M = L / Ax + 1 = 

5/1+1 =6. This problem involves 6 unknown nodal 
temperatures, and thus we need to have 6 equations. 

Nodes 2, 3, 4, and 5 are interior nodes, and thus for 
them we can use the general explicit finite difference 
relation expressed as 

.2 


T, 


sky 


T m - 1 _ 2T m + T 'm+\ + 


-> K +l = ^r m _ x + r,; I+1 ) + a - 2 T )r m + r 


e m Ar 


r p i+\ pi 

1 m 1 m 



m 


Ax 


Radiation 


h Ti 


The finite difference equations for nodes 1 and 6 subjected to convection and radiation are obtained from 
an energy balance by taking the direction of all heat transfers to be towards the node under consideration: 

Ax 


Node 1 (convection) : 

, 7V -7V 

hi 7 -Ti) + k^—^-- 

Ax 

Node 2 (interior) : 

7+ 1 = r(jl +r 3 i )+(i- 

Node 3 (interior) : 

Ti +l =z{Ti+Ti) + (\- 

Node 4 (interior) : 

T’ +1 =t(T'+T‘) + (1- 

Node 5 (interior) : 

t; +i =T(T i+Ti)+(i- 

Node 6 (convection) : 

'-J-' l rj-1 l 

K(T 0 -Ti) + k^7JL 

Ax 

where k = 0.81 Btu/h.ft. 

°F, a = k / pc p =7.4x10 


\- 8(7 


Twaii -(8 +273) 


=p 7 Cp 


p i'+l p i 

M ~ 1 1 

At 


+ 8(7 


-6 


| T s l -71 +273) 4 


Ax 

= p 7 Cp 


P i + 1 p i 

1 6 ~ J 6 


At 


sky 


Btu/h.fr.°F, h 0 = 2.1 Btu/h.fr.°F, Ax = 1/12 ft, and At = 5 min. Also, T 0 = 50°F from 6 PM to 10 PM, 
42°F from 10 PM to 2 AM, and 38°F from 2 AM to 6 AM. The mesh Fourier number is 


aAt (7.4xl0~ 6 ft”/s)(300s) 


T = 


= 0.320 


Ax z (1/12 ft) 2 

Substituting this value of r and other given quantities, the inner and outer surface temperatures of the roof 
after 12x(60/5) = 144 time steps (12 h) are determined to be T\ = 54.75°C and T 6 = 40.18°C 
( b ) The average temperature of the inner surface of the roof can be taken to be 

70 + 54.75 


r, 


1 ,avg 


T\ @ 6 PM + ^1 @ 6 AM 
2 


Then the average rate of heat loss through t 
Qavg = h iA(Ti - T l avg ) + 8oA 


= 62.38°F 
tie roof that night is determined to be 
T l„ -{Tl +273 V 


= (0.9 Btu/h.ft 2 • °F)(30 x 50 ft 2 )(70 - 62.38)°F 


+ 0.9(30x50 ft 2 )(0.1714xl0 

= 20,560 Btu/h 


Btu/h.ft 2 -R 4 )[(530R) 4 -(62.38 + 460 R) 4 ] 
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5-117 A two-dimensional bar shown 
in the figure is considered. The 
simplest form of the matrix equation 
is to be written and the grid notes 
with energy balance equations are to 
be identified on the figure. 

Assumptions 1 Heat transfer 
through the body is given to be 
steady and two-dimensional. 2 
Thermal conductivity is constant. 3 
There is no heat generation. 

Analysis From symmetry, we have 
only three unknown temperatures at 
nodes 1, 2, and 3. The finite 
difference formulations are 


Node 1: 


Insulation 



, t a ~ t i L , T 2 -T x L , 
k a : — + k A ; ~z + k B 


L 


L 


T 2 ~Ti L 
L 2 


+ k 


B 


IhIlL 

L 2 


T 


B 


= 0 


k A ( r A-T l ) + k A (T 2 -T l ) + k B (T 2 -T l ) + k B (T 3 -T l ) = 0 


2 (k a + k B )T i + (k A + k B )T 2 + k B T 3 — k A T A 


Node 2: 


t a ~t 2 


L + k 


T x -T 2 l , 7 t x -t 2 l 


A 


B 


+ k 


t b -t 2 


B 


L + k 


T b -To l 


t b -t, l 


B 


A 


L n L2 L2 L L 2 L 2 

2k A (T A -T 2 ) + k A (T l -T 2 ) + k B (T 1 -T 2 ) + 2k B (T B -T 2 ) + k B (T B -T 2 ) + k A (T B -T 2 )=0 

(k a + k B )T X — 4 (k a + k B )T 2 = —2 k A T A ~ (k A +3 k B )T B 


= 0 


Node 3: 


T i ~ T 3 L 


t b -t 2 


B 


L 


B 


L + k 


t b -r, L 


B 


= 0 


2 L L 2 

T l -T 3 +2(T B -T 3 ) + T B -T 3 =0 

T\ + -4T 3 = -3T b 


The matrix equation is 


2 (k a + k B ) 

k A + k B 

k B 

+ 


k A^A 

k A + k B 

— 4 {k a + k B ) 

0 

T 2 

— 

- 2 k A T A ~ (k A + 3 k B )T B 

1 

0 

-4 

73 . 


-3 T b 


Discussion Note that the results do not depend on L (size of the system). If you don’t use the symmetry and 
get a 4x4 linear system, two of the equations must be equivalent. 
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5-118 A two-dimensional long steel bar shown in the figure is considered. The finite difference equations 
for the unknown temperatures in the grid using the explicit method is to be written and dimensionless 
parameters are to be identified. Also, the range of time steps for stability condition and the temperature 
field at certain times are to be determined. 

Assumptions 1 Heat transfer through the body is transient and two-dimensional. 2 All surafces of the bar 
except the bottom surface are maintained at a constant temperature. 3 Thermal conductivity is constant. 4 
There is no heat generation. 

Analysis ( a ) the finite difference equations for the unknown temperatures in the grid using the explicit 
method are 





Node 

r(ios) 

r(20 s) 

1 

10 

10 

2 

443.3 

234.4 

3 

10 

10 

4 

10 

10 

5 

315 

168.6 

6 

10 

10 

7 

10 

10 


Node 5: 


Tl-Tl 7V-7V Ti-Ti 

k— — Ax + k — — Ax + k— 

Ax Ax Ax 


t[-t ! 7 t! + 1 -t! 

Ax + k Ax = pc p Ax 2 


Ax 


At 


Ti + ti + r-i + t: - 47V = ^ ) 


kAt 


(1) 


r ^' +1 = TV (1 - 4Fo) + ¥oT{ + Fo X 30 


where Fo = 


kAt 

pc n Ar 
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Node 2: 


t; ~t[ a* , 7 n -n A . , n -n ax ax 2 n +i -n 


Ax 2 


+ k 


Ax 


Ax + k 


Ax 2 


= pc 


2 At 

2 


t( + r 5 ' +r 3 -4r 2 z = 


- pc n Ax' .. 

P ( T ,+i_ T ,^ 


kAt 


Tp = T{ (1 - 4Fo) + 2For 5 ' + Fo x 20 


( b ) For both steps, stability condition is 


, _ „ 1 kAt 1 

1 - 4Fo > 0 > Fo < > < — 


pc p Ax l 4 


At < 


pc p Ax (8000)(430)(0.025) 


4 k 


4(40) 


= 13.44 s 


(c) For At = 10 s, 


Fo = 


kAt 


(40)(10) 


pc B Ax 2 (8000)(430)(0.025) 2 


= 0.186 


Then, Eq. (1) and (2) become 

r 5 ' +1 =0.256 r 5 ' +0.186F2 +5.58 
=0.256 Tj +0.372 +3.72 


Substituting at Af = 10 s, 

= 0.256(700) + 0. 186(700) + 5.58 = 31 5°C 
t\ = 0.256(700) + 0.372(700) + 3.72 = 443.3°C 


Substituting at At = 20 s, 

T 5 2 = 0.256(3 15) + 0.1 86(443) + 5.58 = 168.6°C 
Tz = 0.256(443.3) + 0.372(315) + 3.72 = 234.4°C 


( 2 ) 
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5-119 A large pond is initially at a uniform temperature. Solar energy is incident on the pond surface at for 
4 h The temperature distribution in the pond under the most favorable conditions is to be determined. 

Assumptions 1 Heat transfer is one-dimensional since the pond is large relative to its depth. 2 Thermal 
properties, heat transfer coefficients, and the indoor temperatures are constant. 3 Radiation heat transfer is 
significant. 4 There are no convection currents in the water. 5 The given time step Af = 15 min is less than 
the critical time step so that the stability criteria is satisfied. 6 All heat losses from the pond are negligible. 

7 Heat generation due to absorption of radiation is uniform in each layer. 


Properties The conductivity and diffusivity are given to 

be k = 0.61 W/m.°C and a = 0.15 x 1(T 6 m 2 /s . The 
volumetric absorption coefficients of water are as given 
in the problem. 

Analysis The nodal spacing is given to be Ax = 0.25 m. 
Then the number of nodes becomes M = L / Ax + l = 
1/0.25+1 = 4. This problem involves 5 unknown nodal 
temperatures, and thus we need to have 5 equations. 
Nodes 2, 3, and 4 are interior nodes, and thus for them 
we can use the general explicit finite difference relation 
expressed as 


Solar 

radiation 


qs, W/nr 



7 

2 

o 

iO 

T + 

o 

m 


_ 1 Top layer Solar pond 


2 Upper mid layer 


3 Lower mid layer 


4 Bottom 

1 

1 

Black 

V 


T m - 1 ~ 2T m + T m + 1 + 


e m Ax 


ry i + 1 ry i 

1 m 1 m 




j ^ ill ' fit — l m~ri ' ' ■'m 

Node 0 can also be treated as an interior node by using the mirror image concept. The finite difference 
equation for node 4 subjected to heat flux is obtained from an energy balance by taking the direction of all 
heat transfers to be towards the node: 

■» / . nr i \ . •"> —\nr Z . ' / a 2 / i_ 


e 1 Ax 

i+K + 0 + (1-2t)K +t m 


= t{T( + Tl ) + (1 - 2t)T± + re 2 (Ax) 2 / k 
= t(JI + T\ ) + (1 - 2r)Tl + re 3 (Ax) 2 / k 


Node 0 (insulation) : 

ry i' + l 
I 0 - 

Node 0 (insulation) : 

ry Z+l 

i l 

Node 2 (interior) : 

ry Z + l 
1 2 - 

Node 3 (interior) : 

ry Z + l 

1 3 - 

Node 6 (convection) : 

r 

q b +k- 


~T 4 2 /f Av 

b re 4 (Av) / k = p — c 

Ax 2 

,-6 


ry i + 1 ry / 

i 4 ~ 1 A 

At 


where k = 0.61 W/m.°C, a = k / pc p = 0.15x10 m /s , Ax = 0.25 m, and At = 15 min = 900 s. Also, the 
mesh Fourier number is 
aAt 


T = 


(0.15 xlO" 6 m 2 /s)(900 s) 


= 0.002160 


Ax (0.25 m) z 

The values of heat generation rates at the nodal points are determined as follows: 


= 


e-y = 


o 


0.473 x 500 W 


Volume 
E , 


= 946 W/m 




Volume 
E, 


e 4 = 


'4 


(1 m )(0.25 m) 

[(0.473 + 0.061)/ 2] x 500 W 
(1 m 2 )(0.25 m) 

0.024 x 500 W 


= 534 W/m 


Volume (1 m 2 )(0.25 m) 


= 48 W/m 


Also, the heat flux at the bottom surface is q h - 0.379 x 500 W/m 2 = 1 89.5 W/m 2 . Substituting these 
values, the nodal temperatures in the pond after 4x(60/15) =16 time steps (4 h) are determined to be 
T 0 = 18.3°C, T, = 16.9°C, T 2 = 15.4°C, T 3 = 15.3°C, and T A = 20.2°C 
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5-120 A large 1-m deep pond is initially at a uniform temperature of 15°C throughout. Solar energy is 
incident on the pond surface at 45° at an average rate of 500 W/m for a period of 4 h The temperature 
distribution in the pond under the most favorable conditions is to be determined. 

Assumptions 1 Heat transfer is one-dimensional since the pond is large relative to its depth. 2 Thermal 
properties, heat transfer coefficients, and the indoor temperatures are constant. 3 Radiation heat transfer is 
significant. 4 There are no convection currents in the water. 5 The given time step Af = 15 min is less than 
the critical time step so that the stability criteria is satisfied. 6 All heat losses from the pond are negligible. 
7 Heat generation due to absorption of radiation is uniform in each layer. 

Properties The conductivity and diffusivity are given to be k = 


0.61 W/m.°C and a = 0. 15x10 ~ 6 m 2 /s . The volumetric 
absorption coefficients of water are as given in the problem. 
Analysis The nodal spacing is given to be Ax: = 0.25 m. 
Then the number of nodes becomes M = L / Ax + l = 
1/0.25+1 = 4. This problem involves 5 unknown nodal 
temperatures, and thus we need to have 5 equations. Nodes 
2, 3, and 4 are interior nodes, and thus for them we can use 
the general explicit finite difference relation expressed as 

2 


Solar 

radiation 


0 


45 


T m - 1 _ 2T L + T m+\ + 


-> C 1 = t(T l + T l m+X ) + (1 - 2 r)T' m + r 

K 

Node 0 can also be treated as an interior node by using the mirror image concept. The finite difference 
equation for node 4 subjected to heat flux is obtained from an energy balance by taking the direction of all 
heat transfers to be towards the node: 

= + T ( ) + (1 - 2t)Tq + re Q (Ax ) 2 / k 

= r(Tl + T{ ) + (1 - 2 t)T( + (Ax ) 2 / k 
= t(T i + Tl ) + (1 - 2 t)T{ + ze 2 (Ax ) 2 / k 
= T(Xl + Tl ) + (1 - 2t)T; + ze 3 (Ax ) 2 / k 


e m Ax 


rp 1 + 1 rji 1 

1 m * m 


Ax 


°(W\ 


q s , W/m- 



i » — ^ 3 — a — 

1 Top layer Solar pond 


2 Upper mid layer 


3 Lower mid layer 


4 Bottom 

jr\ 




1 

f Black 


Node 0 (insulation) : 

'TH / + 1 
i 0 - ' 

Node 0 (insulation) : 

np i + 1 

i l 

Node 2 (interior) : 

r p i + 1 
1 2 “ 

Node 3 (interior) : 

rp i + 1 

1 3 - 

Node 6 (convection) : 

q h +k- 


— Ta . j Ax 

h re 4 (Av ) 2 / k = p — c 

Ax 2 


rji i+1 rji 1 

* 4 ~ 1 A 

At 


where k - 0.61 W/m.°C, a = k / pc p = 0.15x10 
mesh Fourier number is 


~ 6 m 2 /s 


Ax: = 0.25 m, and At = 15 min = 900 s. Also, the 


T = 


aAt (0.15 xl0 ~ 6 m 2 /s)(900s) 


Ax: 


(0.25 m) 


= 0.002160 


The absorption of solar radiation is given to be e{x) - ^ 9 (0.859-3.415v + 6.704v 2 -6.339v 3 +2.278v 4 ) 
where q s is the solar flux incident on the surface of the pond in W/m , and x is the distance form the free 
surface of the pond, in m. Then the values of heat generation rates at the nodal points are determined to be 
Node 0 (x = 0): e 0 = 500(0.859 - 3.415 x 0 + 6.704x 0 2 - 6.339 x 0 3 + 2.278 x 0 4 ) = 429.5 W/m 3 

Nd. l(x=0.25): e x =500(0.859-3.415x0.25 + 6.704x0.25 2 -6.339x0.25 3 +2.278x0.25 4 ) =167.1 W/m 3 
Node 2 (x=0.50): e 2 = 500(0.859 - 3.415 x 0.5 + 6.704x 0.5 2 - 6.339 x 0.5 3 + 2.278 x 0.5 4 ) = 88.8 W/m 3 
Node3(x=0.75): e 3 = 500(0.859 - 3.415 x 0.75 + 6.704x 0.75 2 - 6.339 x 0.75 3 + 2.278 x 0.75 4 ) = 57.6 W/m 3 
Node 4 (x = 1.00): e A =500(0.859-3.415xl + 6.704xl 2 -6.339xl 3 +2.278xl 4 ) = 43.5 W/m 3 

Also, the heat flux at the bottom surface is q b = 0.379x500 W/m 2 = 189.5 W/m 2 . Substituting these 

values, the nodal temperatures in the pond after 4x(60/15) =16 time steps (4 h) are determined to be 
T 0 = 16.5°C, Ti = 15.6°C, T 2 = 15.3°C, T 3 = 15.3°C, and T 4 = 20.2°C 
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5-121 A hot surface is to be cooled by aluminum pin fins. The nodal temperatures after 5 min are to be 
determined using the explicit finite difference method. Also to be determined is the time it takes for steady 
conditions to be reached. 


Assumptions 1 Heat transfer through the pin fin is given to be one- 
dimensional. 2 The thermal properties of the fin are constant. 3 
Convection heat transfer coefficient is constant and uniform. 4 
Radiation heat transfer is negligible. 5 Heat loss from the fin tip is 
considered. 

Analysis The nodal network of this problem consists of 5 nodes, and 
the base temperature T 0 at node 0 is specified. Therefore, there are 4 
unknown nodal temperatures, and we need 4 equations to determine 
them. Using the energy balance approach and taking the direction of 
all heat transfers to be towards the node under consideration, the 
explicit transient finite difference formulations become 


Convectio 

h, 

Ax \ 



1 3 

k 

'0 *1 *2 

3 % 

IJ 

’ 


Node 1 (interior): 
Node 2 (interior): 
Node 3 (interior): 
Node 4 (fin tip): 


: Ti-TJ T n -r! 7Y +1 -7Y 

Ax(r„ -7V) + M — l -+kA -5 - = pAAxc n — 

w 1 A v A v P A * 


Ar 
T‘ -T- 


Ax 

Ti-Tl 


\x(T x -T‘) + kA J X — ^ + M 

Ar Ar 

, T\-T{ 7V -TV 

\x(T k - r 3 ‘ ) + M — + kA — = pAAxc 

Ax Ax 


p 

At 


rr< / + 1 
1 2 ~ 

n 

P 

At 


rp Z+l 

1 3 ~ 

n 

P 

At 


p z + l 

i 4 



where A = tzD 1 / 4 is the cross-sectional area and p = kD is the perimeter of the fin. Also, D = 0.008 

m. A- = 237 W/m.°C, a = k/ pc p =97.1xl0“ 6 m 2 /s , Ax = 0.02 m, T x = 15°C, T 0 = T,= 120°C, h 0 = 35 

W/m .°C, and At = 1 s. Also, the mesh Fourier number is 

ccAt (97.1xl0~ 6 m 2 /s)(ls) ^ 

r = — - = - -■ = 0.24275 

Ac 2 (0.02 m) 2 


Substituting these values, the nodal temperatures along the fin after 5x60 = 300 time steps (4 h) are 
determined to be 

T 0 = 120°C, T { = 110.6°C, T 2 = 103.9°C, T 3 = 100.0°C, and T 4 = 98.5°C. 

Printing the temperatures after each time step and examining them, we observe that the nodal temperatures 
stop changing after about 3.8 min. Thus we conclude that steady conditions are reached after 3.8 min. 
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5-122E A plane wall in space is subjected to specified temperature on one side and radiation and heat flux 
on the other. The finite difference formulation of this problem is to be obtained, and the nodal temperatures 
under steady conditions are to be determined. 


Assumptions 1 Heat transfer through the wall is given to be steady and one-dimensional. 2 Thermal 
conductivity is constant. 3 There is no heat generation. 4 There is no convection in space. 


Properties The properties of the wall are given to be 
k=\.2 W/m-°C, c= 0.80, and a s = 0.6. 

Analysis The nodal spacing is given to be Av = 0. 1 ft. 
Then the number of nodes becomes M = L / Ax + l = 
0.3/0. 1+1 = 4. The left surface temperature is given to 
be T 0 = 520 R = 60°F. This problem involves 3 
unknown nodal temperatures, and thus we need to have 
3 equations to determine them uniquely. Nodes 1 and 2 
are interior nodes, and thus for them we can use the 
general finite difference relation expressed as 



U 2 _t_m+L + £"L = 0 -> T m _ x - 2T m + T m+l = 0 (sincee = 0), for m = 1 and 2 

Av k 

The finite difference equation for node 3 on the right surface subjected to convection and solar heat flux is 
obtained by applying an energy balance on the half volume element about node 3 and taking the direction 
of all heat transfers to be towards the node under consideration: 

Node 1 (interior) : T 0 - 27j +T 2 = 0 

Node 2 (interior) : T x - 2 T 2 + T 3 = 0 

T — T 

Node 3 (right surface) : a s q s + s<j[T^ - ( T 3 + 460) 4 ] + k — — = 0 

Ajc 

where k- 1.2 Btu/h.ft.°F, 8 = 0.80, a s = 0.60, = 350Btu/h.ft 2 , r space = 0 R, and a = 0.1714xl0‘ 8 

Btu/h.ft 2 .R 4 The system of 3 equations with 3 unknown temperatures constitute the finite difference 
formulation of the problem. 

(. b ) The nodal temperatures under steady conditions are determined by solving the 3 equations above 
simultaneously with an equation solver to be 

T\ = 67.6°F = 527.6 R, T 2 = 75.2°F = 535.2 R, and T 3 = 82.8°F = 542.8 R 
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5-123 Frozen steaks are to be defrosted by placing them on a black-anodized circular aluminum plate. 
Using the explicit method, the time it takes to defrost the steaks is to be determined. 


Assumptions 1 Heat transfer in both the steaks and the defrosting plate is one-dimensional since heat 
transfer from the lateral surfaces is negligible. 2 Thermal properties, heat transfer coefficients, and the 
surrounding air and surface temperatures remain constant during defrosting. 3 Heat transfer through the 
bottom surface of the plate is negligible. 4 The thermal contact resistance between the steaks and the plate 
is negligible. 5 Evaporation from the steaks and thus evaporative cooling is negligible. 6 The heat storage 
capacity of the plate is small relative to the amount of total heat transferred to the steak, and thus the heat 
transferred to the plate can be assumed to be transferred to the steak. 


Properties The thermal properties of the steaks 
are p = 970 kg/m 3 , c p = 1.55 kJ/kg.°C, k = 1.40 

W/m.°C, a = 0.93 x 10 -6 m 2 /s , s- 0.95, and /z lf 
= 187 kJ/kg. The thermal properties of the 
defrosting plate are k = 237 W/m.°C, 
a - 91 A x 10 _6 m 2 /s , and 8 = 0.90. The pc p 
(volumetric specific heat) values of the steaks 
and of the defrosting plate are 


A 




iLi 

,2 

,3 

4 

5 6 







(/*+) 

(PCp) 


= 2441 kW/m 3 °C 


k _ 237 W/m-°C 

plate ~~a~ 97.1xl(T 6 m 2 / s 
steak = (970 kg/m 3 )( 1 .55 kJ/kg • °C) = 1 504 kW/m 3 • °C 


Analysis The nodal spacing is given to be Ar = 0.005 m in the steaks, and Ar = 0.0375 m in the plate. This 
problem involves 6 unknown nodal temperatures, and thus we need to have 6 equations. Nodes 2 and 3 are 
interior nodes in a plain wall, and thus for them we can use the general explicit finite difference relation 
expressed as 


T i IT i 

^ m — 1 ^ m 


4- T 1 
^ 1 m + 1 


+ 


e m Ar 


'J'< l + l rj-1 


111 


in 


-> C 1 =^C-i+C + i) + (l-2r)7’ i 


The finite difference equations for other nodes are obtained from an energy balance by taking the direction 
of all heat transfers to be towards the node under consideration: 

j’/ pi A pi 

Node 1: h(T x -T‘) + £ steak a[(T x +273) 4 -(T‘ +273) 4 ] + £ steak = (/r„) steak — 1 ~ 1 

Ac 2 At 


Node 2 (interior) : Tf' = r steak {T( + r 3 ' ) + (1 - 2r steak )T‘ 

Node 3 (interior) : 7 3 ,+1 = r steak (77,' + T\ ) + (1 - 2r steak )T^ 

Node 4: 

i i 

x ( r 45 ~r?){h(T x -Ti) + s pl . dte a[(T x +273) 4 ~(T‘ +273 ) 4 ]} + ^ teak (^ 4 2 )^— ^ 

J - r i J~i i rj-1 *’ +l -P 

Opiate (2 tZT4 5 ^) — [(/X p ) s t e ak (^4 ^ / 2 ) + (pt p ) pj ate (^45/))] — 


Node 5: 

2xr 5 Ar{h(T x -T‘) + £ pUe a[(T x +273) 4 -(T‘ + 273) 4 ]} 

+ Opiate (2^56^) = (/*, ) plate (^)l 
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Node 6: 


2x[(r 56 +r 6 )/2](Ar/2){h(T x -T') + e^aKT^ +273) 4 ~(T‘ +273) 4 ]} 


+ Opiate ( 2 ^56^) 


t; -n 


rr< i + 1 rp l 

i 6 _i 6 


= (pc p ) plate [2/r(r 56 + r 6 ) / 2](Ar / 2)<5 

Z_U Z_\/ 

where (pc p ) plate = 2441 kW/m 3 °C, (pc /? ) steak - 1504 kW/m 3 -°C, ^ ste ak = 1-40 W/m.°C, , 8 stea k = 0.95, 


^steak = 0-93 X 10 5 m~/s , h if = 187 kJ/kg, £pi ate = 237 W/m.°C, a plate = 97.1 x 10 6 m z /s , and 8 p i ate = 

0.90, T„ = 20°C, h =12 W/m 2 .°C, 5 = 0.01 m, At = 0.005 m, A r = 0.0375 m, and Af = 5 s. Also, the mesh 
Fourier number for the steaks is 


ctAt (0.93x1 O' 6 m 2 /s)(5s) 


steak 


Ax' 


(0.005 m) 


= 0.186 


The various radii are r 4 =0.075 m, r 5 =0.1 125 m, r 6 =0.15 m, r 45 = (0.075+0.1 125)/2 m, and r 56 = 
(0.1 125+0. 15)/2 m. 

The total amount of heat transfer needed to defrost the steaks is 
m ste ak = pv = (970 kg/m 3 )[^(0.075m) 2 (0.015 m)] = 0.257 kg 


^ total, steak ^sensible ^latent (ntC pAT) steak (^^if ) steak 

= (0.257 kg)(1.55 kJ/kg. °C)[0 - (-18°C)] + (0.257 kg)(187 kJ/kg) = 55.2 kJ 

The amount of heat transfer to the steak during a time step i is the sum of the heat transferred to the steak 
directly from its top surface, and indirectly through the plate, and is expressed as 

QL ak = 2^r 5 A r{h(T x - T ' ) + £ plalc a[(T x + 273 ) 4 - (T‘ + 273) 4 ] } 

+ 2x[(r 56 +r 6 )/2](Ar/2){h(T x -T‘) + £ ptiltc (j[(T, yj +273 ) 4 ~(T‘ +273) 4 ]} 

+ -r 4 2 ){h(T x - T i ) + ^ plate <j[(T 00 + 273 ) 4 - (T‘ + 273) 4 ] } 

+ { h(T x - Tl ) + £ steak a[(T x + 273 ) ‘ 4 - (T' + 273) 4 ] } 

The defrosting time is determined by finding the amount of heat transfer during each time step, and adding 
them up until we obtain 55.2 kJ. Multiplying the number of time steps A by the time step Af = 5 s will give 
the defrosting time. In this case it is determined to be 

A /defrost = NAt = 44(5 s) = 220 s 
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5-124 Frozen steaks at -18°C are to be defrosted by placing them on a 1-cm thick black-anodized circular 
copper defrosting plate. Using the explicit finite difference method, the time it takes to defrost the steaks is 
to be determined. 


Assumptions 1 Heat transfer in both the steaks and the defrosting plate is one-dimensional since heat 
transfer from the lateral surfaces is negligible. 2 Thermal properties, heat transfer coefficients, and the 
surrounding air and surface temperatures remain constant during defrosting. 3 Heat transfer through the 
bottom surface of the plate is negligible. 4 The thermal contact resistance between the steaks and the plate 
is negligible. 5 Evaporation from the steaks and thus evaporative cooling is negligible. 6 The heat storage 
capacity of the plate is small relative to the amount of total heat transferred to the steak, and thus the heat 
transferred to the plate can be assumed to be transferred to the steak. 


Properties The thermal properties of the steaks are p 
= 970 kg/m 3 , c p = 1.55 kJ/kg.°C, k = 1 .40 W/m.°C, 

a = 0.93 xlCT 6 m 2 /s , £ = 0.95, and h if = 187 kJ/kg. 

The thermal properties of the defrosting plate are k = 

401 W/m.°C, a = 117 x 10~ 6 m 2 /s , and £=0.90 
(Table A-3). The pc p (volumetric specific heat) 
values of the steaks and of the defrosting plate are 

(pc p ) plate = (8933 kg/m 3 X0.385 kJ/kg • °C) = 3439 kW/m 3 • °C 

(pc p ) steak = (970 kg/m 3 )(1 .55 kJ/kg • °C) = 1504 kW/m 3 • °C 






,2 

,3 

4 

5 6 







Analysis The nodal spacing is given to be Av = 0.005 m in the steaks, and A r = 0.0375 m in the plate. This 
problem involves 6 unknown nodal temperatures, and thus we need to have 6 equations. Nodes 2 and 3 are 
interior nodes in a plain wall, and thus for them we can use the general explicit finite difference relation 
expressed as 


T l -IT 1 + T * + 

1 m - 1 m ^ 1 m + 1 ^ 




p 1 + 1 p 


m 


m 


-> C 1 =r(r'-i + r,' +1 ) + (i-2 t)T, 


The finite difference equations for other nodes are obtained from an energy balance by taking the direction 
of all heat transfers to be towards the node under consideration: 

p i p i » p i + 1 p i 

Node 1: h(T x -T>) + £steak a[(T x +273) 4 -(T‘ + 273) 4 ] + fc steak = (/r p ) steak — 1 ~ 1 

Ajc 2 At 


Node 2 (interior) : T{ +1 = r steak (7)' + r 3 ' ) + (1 - 2r steak )T‘ 

Node 3 (interior) : r 3 ' +1 = r steak (Tj + T 4 ' ) + (1 - 2r steak )Tj 

Node 4: 


2 t;-ti 


n(r; 5 - r/ ){h(T x -Tl) + £pVdte a[(T x +273) 4 ~{T\ + 273) 4 ] } + fc steak ) 


+ Opiate 


n -n 


A r 


= \.(pc p ) steak (^4 Ar / 2) + (pc p ) plate (nr 45 S)] 


Ax 

rpi+l rji 1 

2 omM _i 4 


At 


Node 5: 

2xr 5 Ar{h(T x -T‘) + £pUe a[(T x +273) 4 -(r 5 ; +273) 4 ]} 

+ fc plate (2^r 56 S) = (/Xp ) pldte S )] AAli 
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Node 6: 


2^[(r 56 +r 6 )/2](Ar/2){h(T x -T') + s^aKT^ +273) 4 ~(T‘ +273) 4 ]} 


+ Opiate (2^56^) 


n -n 


'T' 1 + 1 rri l 

1 6 ~ 1 6 


= (P°p ) plate [ 2 ^(^56 + r 6 ) 1 2](Ar / 2) A 


Ar '' '' ' Af 


where (/X7 p ) plate =3439 kW/m 3 °C, (pc /7 ) st eak = 1504kW/m 3 °C, £ st eak = 1.40 W/m.°C, 8 stea k = 0.95, 

a steak - 0-93 x 10 -6 m 2 /s , h lf =187 kJ/kg, & p i ate = 401 W/m.°C, a plate = 117 x 10 -6 m 2 /s , and 8pi ate = 
0.90, T* = 20°C, h =12 W/m 2 .°C, 5 = 0.01 m, Ar = 0.005 m, A r = 0.0375 m, and Af = 5 s. Also, the mesh 


Fourier number for the steaks is 


aAt (0.93 xl0~ 6 m 2 /s)(5 s) 


steak 


Ax 


(0.005 m) 


= 0.186 


The various radii are r 4 =0.075 m, r 5 =0.1 125 m, r 6 =0.15 m, r 45 = (0.075+0.1 125)/2 m, and r 56 = 
(0.1125+0.15)72 m. 

The total amount of heat transfer needed to defrost the steaks is 

m s teak = pV = (970 kg/m 3 ) [^(0.075 m) 2 (0.015 m)] = 0.257 kg 

Q total, steak ^sensible ^latent (/72C^, AT) s ^ ea k + ) steak 

= (0.257 kg)(1.55 kJ/kg. °C)[0 - (-18°C)] + (0.257 kg)(187 kJ/kg) = 55.2 kJ 

The amount of heat transfer to the steak during a time step i is the sum of the heat transferred to the steak 
directly from its top surface, and indirectly through the plate, and is expressed as 

Qsteak = 2 ^5 A r{h(T x - T ‘ ) + £ plate a[(T x + 273 ) 4 - (T‘ + 273) 4 ] } 

+ 2x[(r 56 +r 6 )/2](Ar/2){h(T x> -T‘) + £^<j[(T x +273) 4 ~(T‘ +273) 4 ]} 

+ ^4 -r%){h{T x - T \ ) + e plate a[(T x + 273 ) ‘ 4 - (T‘ + 273) 4 ] } 

+ { h(T x - Tl ) + s steak <7[{T x +273) 4 - ( 7 1 / + 273) 4 ] } 

The defrosting time is determined by finding the amount of heat transfer during each time step, and adding 
them up until we obtain 55.2 kJ. Multiplying the number of time steps A by the time step At = 5 s will give 
the defrosting time. In this case it is determined to be 

Arrest = AA t = 47(5 s) = 235 s 
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Fundamentals of Engineering (FE) Exam Problems 


5-125 What is the correct steady-state finite-difference 

heat conduction equation of node 6 of the rectangular ^ 2 3 

solid shown in Fig. P5-125? 

(a) T 6 = (Ti+ T 3 + T 9 +T u ) 12 

(b) T 6 = (T 5 + T-j+ T 2 + T io ) / 2 

(c) T 6 = (Ti + r 3 + T 9 +T n )/4 

(d) T 6 = (T 2 + T 5 +T 7 + T l0 )/4 

(e) T 6 = (Ti+T 2 + T g + T i0 )/4 


Ax = Ay ■ 

= A 

6 7 


i 

10 

i 1 

11 

- 


‘-r 


-8 


.12 


Answer (d) 


5-126 Air at To acts on top surface of the rectangular solid 
shown in Fig. P5-126 with a convection heat transfer 
coefficient of h. The correct steady-state finite-difference heat 
conduction equation for node 3 of this solid is 

(a) r 3 = [(k/ 2A)( r 2 + r 4 + r 7 ) + at 0 ] / [(ki A) + h\ 

(b) r 3 = [(k/ 2A)( r 2 + r 4 + 2r 7 ) + hr Q \ / [(2A/A) + h] 

(c) t 3 = [(k/ A)( r 2 + r 4 ) + *r 0 ] / [(2*/A) + A] 

(d) r 3 = k*/a)( r 2 + r 4 + r 7 ) + Ar 0 ] / k*/a) + A] 

(e) r 3 = [(kl A)( 2T 2 +2T 4 + T 7 ) + AT 0 ] / [(A/A) + A] 


To, h 
2 3 


» 

Ax = Ay ■ 

9 

= A 

6 7 

9 


10 11 



8 


12 


Answer (b) 


5-127 What is the correct unsteady forward-difference heat conduction equation of node 6 of the 

. .. , , .. 
rectangular solid shown in Fig. P5-127 if its temperature at the previous time (At) is T 6 ? 


(a) T‘ +l 

(b) Tp 

( c ) T‘ +1 
id) 7f 1 
(e) T‘ +1 


kAt /(pc p A 2 )fT 5 +T 2 +T-, +r 10 ) + 


kAt /(pc A 2 ) 


kAt/(pc p A 2 )lT 5 +T 2 +T-, +r 10 ) + 


^ ifc j{c ;{c 

Ts +T 2 + 77 +r 10 ) + 


2 kAt !{pc„ A" )}r 5 + T 2 + T 7 +T 10 ) + [1 - 2 kAt l(pc p A" ) 


5 T1 2 _r - t 7 

* * * 


1-4 kAt /(pc A 2 ) 


77 


l- kAt !(pc p A 2 ) 


77 


2AAr /(pc A 2 ) 


77 


T, 


2k At /(pc p A" )}r 5 + T 2 + T 7 + r l0 ) + [1 - 4AA? /(pc p A" ) 


77 


I 

Ax = Ay ■ 

• 

= A 

6 7 

i 

» 1 

,10 11 

» 


Answer (a) 
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5-128 The unsteady forward-difference heat conduction for a constant area, A, pin fin with perimeter, /?, 
exposed to air whose temperature is 73 with a convection heat transfer coefficient of h is 

2 

73 l-ll — —I T 


rp*+l _ 

* m — 


pc„Ax 


C i +C i + 


hpAx 


A 


pc Ax 1 pc p A 


m 


2k 


hp 


In order for this equation to produce a stable solution, the quantity — — — — H — — — must be 

pc p Ax 2 pc p A 

(a) Negative (b) zero (c) Positive (d) Greater than 1 (e) Less than 1 


Answer (d) Greater than 1 


5-129 The height of the cells for a finite-difference solution of the temperature in the rectangular solid 
shown in Fig. P5-129 is one-half the cell width to improve the accuracy of the solution. The correct 
steady-state finite-difference heat conduction equation for cell 6 is 


(a) 

T(,= 

+ 

t-H 

d 

TQ + 

+ 

d 

T w ) 

(b) 

= 

0.25(T 5 - 

*-T 1 )- 

f 0.25(T 2 

: + r 

(c) 

t 6 = 

+ 

d 

Tt) + 

+ 

> n 
d 

T l0 ) 

(d) 

t 6 = 

o 

Ui 

+ 

T-j ) + 

+ 

g 

r— H 

d 

Tio) 

(e) 

T b = 

+ 

lO 

d 

Tt) + 

+ 

r-H 

d 

T m ) 

Answer 

(a) 





12 3 4 


1 

Ay 

Ax = A 

» 

= A/2 
6 

• 

. 7 





9 10 11 12 


5-130 The height of the cells for a finite-difference solution of the temperature in the rectangular solid 
shown in Fig. P5-130 is one-half the cell width to improve the accuracy of the solution. If the left surface 
is exposed to air at 73 with a heat transfer coefficient of h , the correct finite-difference heat conduction 
energy balance for node 5 is 

(d) 2T l + 2T 9 + T 6 -T 5 + hA/k(T 0 -T 5 ) = 0 12 3 4 

(d) 2T X + 2 T 9 + T 6 - 2 T 5 + hA/k (T 0 -T 5 ) = 0 

(d) 273 + 2 Tg + T 6 - 373 + hA/k (T 0 -T 5 ) = 0 

(d) 273 + 2 Tg + T 6 - 473 + hA/k (T 0 - 73 ) = 0 

(d) 2T l + 2T 9 + T 6 -5T 5 + hA/k(T 0 -T s ) = 0 9 10 11 12 

Answer (e) 


To, h 


i 

Ay 

Ax = A 

m 

= A/2 
6 

9 

.7 
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Chapter 6 

FUNDAMENTALS OF CONVECTION 


Physical Mechanisms of Forced Convection 

6-1C In forced convection, the fluid is forced to flow over a surface or in a tube by external means such as 
a pump or a fan. In natural convection, any fluid motion is caused by natural means such as the buoyancy 
effect that manifests itself as the rise of the warmer fluid and the fall of the cooler fluid. The convection 
caused by winds is natural convection for the earth, but it is forced convection for bodies subjected to the 
winds since for the body it makes no difference whether the air motion is caused by a fan or by the winds. 


6-2C If the fluid is forced to flow over a surface, it is called external forced convection. If it is forced to 
flow in a tube, it is called internal forced convection. A heat transfer system can involve both internal and 
external convection simultaneously. Example: A pipe transporting a fluid in a windy area. 


6-3C The convection heat transfer coefficient will usually be higher in forced convection since heat 
transfer coefficient depends on the fluid velocity, and forced convection involves higher fluid velocities. 


6-4C The potato will normally cool faster by blowing warm air to it despite the smaller temperature 
difference in this case since the fluid motion caused by blowing enhances the heat transfer coefficient 
considerably. 


6-5C Nusselt number is the dimensionless convection heat transfer coefficient, and it represents the 
enhancement of heat transfer through a fluid layer as a result of convection relative to conduction across 

hL 

the same fluid layer. It is defined as Nu = — — where L c is the characteristic length of the surface and k is 

k 

the thermal conductivity of the fluid. 


6-6C Heat transfer through a fluid is conduction in the absence of bulk fluid motion, and convection in the 
presence of it. The rate of heat transfer is higher in convection because of fluid motion. The value of the 
convection heat transfer coefficient depends on the fluid motion as well as the fluid properties. Thermal 
conductivity is a fluid property, and its value does not depend on the flow. 


6-7C A fluid flow during which the density of the fluid remains nearly constant is called incompressible 
flow. A fluid whose density is practically independent of pressure (such as a liquid) is called an 
incompressible fluid. The flow of compressible fluid (such as air) is not necessarily compressible since the 
density of a compressible fluid may still remain constant during flow. 
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6-8 Heat transfer coefficients at different air velocities are given during air cooling of potatoes. The initial 
rate of heat transfer from a potato and the temperature gradient at the potato surface are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potato is spherical in shape. 3 Convection heat transfer 
coefficient is constant over the entire surface. 


Properties The thermal conductivity of the potato is given to be k = 0.49 W/m.°C. 
Analysis The initial rate of heat transfer from a potato is 


A s =ttD 2 = ^-(0.08 m) 2 =0.020 11m 2 


Q = hA s ( T s - T x ) = (19. 1 W/m 2 .°C)(0.020 11m 2 )(20 - 5)°C = 5.8 W 


where the heat transfer coefficient is obtained from the table at 1 m/s 
velocity. The initial value of the temperature gradient at the potato 
surface is 


q 


conv 


= 9cond = ~ k 


dT 

77 


= h(T-T x ) 


' r—R 



dT 


h(T s -T") (19.1 W/m 2 . °C)(20-5)°C 


r=R 


0.49 W/m.°C 


= -585 °C/m 


6-9 The rate of heat loss from an average man walking in still air is to be determined at different walking 
velocities. 

Assumptions 1 Steady operating conditions exist. 2 Convection heat transfer coefficient is constant over 
the entire surface. 

Analysis The convection heat transfer coefficients and the rate of heat losses at different walking velocities 
are 


(a) h = 8.6V 0 ' 53 =8.6(0.5ni/s) UJJ =5.956 W/m". °C 


0.53 


2 o t 


Q = hA s (T s -TJ = (5.956 W/m 2 . °C)( 1.8m" )(30-10)°C = 214.4 W 


(b) h = 8.6V 053 = 8.6(1. 0 m/s) UJJ =8.60W/m".°C 


0.53 


2 Oi 


Q = hA s (T s —T x ) = (8.60 W/m 2 .°C)(1.8m 2 )(30-10)°C = 309.6 W 
(c) /; =8.6V 053 =8.6(1. 5 m/s) 0 - 53 =10.66 W/m 2 . °C 
Q = hA s (T, —T x ) = (10.66 W/m 2 ,°C)(1 .8 m 2 )(30 - 10)°C = 383.8 W 


(d) /? = 8.6W 053 =8.6(2.0 m/s) UJJ =12.42 W/m".°C 


0.53 


2 o t 


Q = hA (T = (12.42 W/m 2 .°C)(1 .8 m z )(30 - 10)°C = 447.0 W 



r 5 = 30°c 
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6-10 The rate of heat loss from an average man walking in windy air is to be determined at different wind 
velocities. 

Assumptions 1 Steady operating conditions exist. 2 Convection heat transfer coefficient is constant over 
the entire surface. 


Analysis The convection heat transfer coefficients and the rate of 
heat losses at different wind velocities are 

(a) h = 14.8V" 069 = 14.8(0.5 m/s) 0 ' 69 =9.174 W/m 2 .°C 

Q = hA s (T S -T X ) = (9A 74 W/m 2 .°C)( 1 .7 m 2 )(29 - 10)°C = 296.3 W 

(. b ) h = 14.8V 0 ' 69 =14.8(1.0 m/s) 069 =14.8 W/m 2 . °C 

Q = hA s (T s -TJ = (14.8 W/m 2 .°C)(1 .7 m 2 )(29 - 10)°C = 478.0 W 

(c) /; = 14.8V 0 ' 69 = 14.8(1.5 m/s) 0 ' 69 =19.58 W/m 2 . °C 

Q = hA s (T s -T x ) = (19.58 W/m 2 .°C)( 1.7 m 2 )(29 - 10)°C = 632.4 W 



77 = 29°C 


6-11 The expression for the heat transfer coefficient for air cooling of some fruits is given. The initial rate 
of heat transfer from an orange, the temperature gradient at the orange surface, and the value of the Nusselt 
number are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Orange is spherical in shape. 3 Convection heat 
transfer coefficient is constant over the entire surface. 4 Properties of water is used for orange. 

Properties The thermal conductivity of the orange is given to be k = 0.50 W/m.°C. The thermal 
conductivity and the kinematic viscosity of air at the film temperature of (T s + T^)/2 = (15+5)/2 = 10°C are 
(Table A- 15) 

k = 0.02439 W/m.' °C, v' = 1.426xl(T 5 m 2 /s 

Analysis (a) The Reynolds number, the heat transfer coefficient, 
and the initial rate of heat transfer from an orange are 

A s =ttD 2 = ;r(0.07 m) 2 =0.01539 m 2 

VD (0.3 m/s)(0.07 m) 

Re = = — - — = 1473 


v 


1.426xl0~ 5 m 2 /s 


1/3 



h 5.05k air Re 1 ' J 5.05(0.02439 W/m.°C)(1473) 1/3 _ 2Q Q2 w/m2 „ c 
D 0.07 m 

Q = hA s (T s -T^) = (20.02 W/m 2 . °C)(0.0 1539m 2 )( 15- 5)°C = 3.08 W 
(. b ) The temperature gradient at the orange surface is determined from 

A dT A 


(i conv y cond ^ 

dT 


dr 


= h(T-T x ) 


Jr=R 


dr 


h(T s -T x ) (20.02 W/m 2 . °C)(15-5)°C 


/=/? 


0.50 W/m.°C 


= -400 °C/m 


(c) The Nusselt number is 


Ar hD (20.02 W/m 2 . °C)(0.07m) 

Nil = = = 57.5 

k 0.02439 W/m.°C 
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Velocity and Thermal Boundary Layers 

6-12C Viscosity is a measure of the “stickiness” or “resistance to deformation” of a fluid. It is due to the 
internal frictional force that develops between different layers of fluids as they are forced to move relative 
to each other. Viscosity is caused by the cohesive forces between the molecules in liquids, and by the 
molecular collisions in gases. Liquids have higher dynamic viscosities than gases. 

6-13C The fluids whose shear stress is proportional to the velocity gradient are called Newtonian fluids . 
Most common fluids such as water, air, gasoline, and oil are Newtonian fluids. 

6-14C A fluid in direct contact with a solid surface sticks to the surface and there is no slip. This is known 
as the no-slip condition , and it is due to the viscosity of the fluid. 

6-15C The ball reaches the bottom of the container first in water due to lower viscosity of water compared 
to oil. 

6-16C ( a ) The dynamic viscosity of liquids decreases with temperature. ( b ) The dynamic viscosity of gases 
increases with temperature. 

6-17C The fluid viscosity is responsible for the development of the velocity boundary layer. For the 
idealized inviscid fluids (fluids with zero viscosity), there will be no velocity boundary layer. 

6-18C The Prandtl number Pr - via is a measure of the relative magnitudes of the diffusivity of 
momentum (and thus the development of the velocity boundary layer) and the diffusivity of heat (and thus 
the development of the thermal boundary layer). The Pr is a fluid property, and thus its value is 
independent of the type of flow and flow geometry. The Pr changes with temperature, but not pressure. 

6-19C A thermal boundary layer will not develop in flow over a surface if both the fluid and the surface 
are at the same temperature since there will be no heat transfer in that case. 

Laminar and Turbulent Flows 

6-20C A fluid motion is laminar when it involves smooth streamlines and highly ordered motion of 
molecules, and turbulent when it involves velocity fluctuations and highly disordered motion. The heat 
transfer coefficient is higher in turbulent flow. 

6-21 C Reynolds number is the ratio of the inertial forces to viscous forces, and it serves as a criterion for 
determining the flow regime. For flow over a plate of length L it is defined as Re = VL! v where V is flow 
velocity and v is the kinematic viscosity of the fluid. 

6-22C The friction coefficient represents the resistance to fluid flow over a flat plate. It is proportional to 
the drag force acting on the plate. The drag coefficient for a flat surface is equivalent to the mean friction 
coefficient. 
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6-23C In turbulent flow, it is the turbulent eddies due to enhanced mixing that cause the friction factor to 
be larger. 

6-24C Turbulent viscosity p t is caused by turbulent eddies, and it accounts for momentum transport by 

d - 

turbulent eddies. It is expressed as r t = -puV - p t — where u is the mean value of velocity in the flow 

dy 

direction and u' and u are the fluctuating components of velocity. 

6-25C Turbulent thermal conductivity k t is caused by turbulent eddies, and it accounts for thermal energy 

dT 

transport by turbulent eddies. It is expressed as q t = pc v'T' = —k t where T' is the eddy temperature 

' dy 

relative to the mean value, and q t = pc v'T' the rate of thermal energy transport by turbulent eddies. 


Convection Equations and Similarity Solutions 

6-26C A curved surface can be treated as a flat surface if there is no flow separation and the curvature 
effects are negligible. 


Shi Sv 

6-27C The continuity equation for steady two-dimensional flow is expressed as 1 = 0 . When 

dx dy 

multiplied by density, the first and the second terms represent net mass fluxes in the v and y directions, 
respectively. 


6-28C Steady simply means no change with time at a specified location (and thus du / dt = 0 ), but the 
value of a quantity may change from one location to another (and thus du / dx and du / dy may be 

different from zero). Even in steady flow and thus constant mass flow rate, a fluid may accelerate. In the 
case of a water nozzle, for example, the velocity of water remains constant at a specified point, but it 
changes from inlet to the exit (water accelerates along the nozzle). 


6-29C In a boundary layer during steady two-dimensional flow, the velocity component in the flow 
direction is much larger than that in the normal direction, and thus u » v, and dv / dx and dv / dy are 

negligible. Also, u varies greatly with y in the normal direction from zero at the wall surface to nearly the 
free-stream value across the relatively thin boundary layer, while the variation of u with x along the flow is 
typically small. Therefore, du/ dy » du/ dx . Similarly, if the fluid and the wall are at different 

temperatures and the fluid is heated or cooled during flow, heat conduction will occur primarily in the 
direction normal to the surface, and thus dT / dy»dT / dx . That is, the velocity and temperature gradients 

normal to the surface are much greater than those along the surface. These simplifications are known as the 

boundary layer approximations. 


6-30C For flows with low velocity and for fluids with low viscosity the viscous dissipation term in the 
energy equation is likely to be negligible. 
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6-31C For steady two-dimensional flow over an 
isothermal flat plate in the v-direction, the boundary 
conditions for the velocity components u and v, and 
the temperature T at the plate surface and at the edge 
of the boundary layer are expressed as follows: 

At y = 0: u(x , 0) = 0, v(x, 0) = 0, T(x, 0) = T s 

As y — » oo : u(x, oo) = u T(x, oo) = T „ 



6-32C An independent variable that makes it possible to transforming a set of partial differential equations 
into a single ordinary differential equation is called a similarity variable. A similarity solution is likely to 
exist for a set of partial differential equations if there is a function that remains unchanged (such as the 
non-dimensional velocity profile on a flat plate). 


6-33C During steady, laminar, two-dimensional flow over an isothermal plate, the thickness of the 
velocity boundary layer ( a ) increases with distance from the leading edge, ( b ) decreases with free-stream 
velocity, and (c) and increases with kinematic viscosity 


6-34C During steady, laminar, two-dimensional flow over an isothermal plate, the wall shear stress 
decreases with distance from the leading edge 


6-35C A major advantage of nondimensionalizing the convection equations is the significant reduction in 
the number of parameters [the original problem involves 6 parameters (L, V , T^, T s , v, a), but the 
nondimensionalized problem involves just 2 parameters (Re L and Pr)]. Nondimensionalization also results 
in similarity parameters (such as Reynolds and Prandtl numbers) that enable us to group the results of a 
large number of experiments and to report them conveniently in terms of such parameters. 


6-36C For steady, laminar, two-dimensional, incompressible flow with constant properties and a Prandtl 
number of unity and a given geometry, yes, it is correct to say that both the average friction and heat 
transfer coefficients depend on the Reynolds number only since C y = f 4 (Re L ) and Nu = g 3 (Re L ,Pr) 

from non-dimensionalized momentum and energy equations. 
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6-37 The hydrodynamic boundary layer and the thermal boundary layer both as a function of v are to be 
plotted for the flow of air over a plate. 

Analysis The problem is solved using Excel, and the solution is given below. 


6-7 


Assumptions 

1. The flow is steady and incompressible 

2. The critical Reynolds number is 500,000 

3. Air is an ideal gas 

4. The plate is smooth 

5. Edge effects are negligible and the upper surface of the plate is considered 

Input Properties 

The average film temperature is 40°C (Property data from Table A- 15) 
p = 1.127 kg/m 3 
c p = 1007 J/kg-°C 
p = 0.00001918 kg/m-s 
v= 1.702x1 0‘ 5 m 2 /s 
k = 0.02662 W/m-°C 
Pr = 0.7255 

Input Parameters 

W = 0.3 m 
7} ;avg = 40°C 
V = 3 m/s 
Tfluid = 15°C 
T s = 65°C 


Analysis 


The critical length: Re = 


Vx 

v - x cr 

V 


Rev (500,000)(1.702xlCr 5 m 2 /s) 
V 3 m/s 


Hydrodynamic boundary layer thickness: 8 = 


4.91* 


Thermal boundary layer thickness: 8 t = 


8 ^ 

4 . 91 * 


Pr 


1/3 




x (m) 

Re x 

5 

St 

0.00 

0 

0 

0 

0.10 

17628 

0.0038 

0.0042 

0.20 

35255 

0.0053 

0.0059 

0.30 

52883 

0.0065 

0.0073 

0.40 

70511 

0.0075 

0.0084 

0.50 

88139 

0.0084 

0.0094 

0.60 

105766 

0.0092 

0.0103 

0.70 

123394 

0.0100 

0.0111 

0.80 

141022 

0.0107 

0.0119 

0.90 

158650 

0.0113 

0.0126 

1.00 

176277 

0.0119 

0.0133 

1.10 

193905 

0.0125 

0.0139 

1.20 

211533 

0.0130 

0.0145 

1.30 

229161 

0.0136 

0.0151 

1.40 

246788 

0.0141 

0.0157 


= 2.84 m 
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1.50 

264416 

0.0146 

0.0162 

1.60 

282044 

0.0151 

0.0168 

1.70 

299672 

0.0155 

0.0173 

1.80 

317299 

0.0160 

0.0178 

1.90 

334927 

0.0164 

0.0183 

2.00 

352555 

0.0168 

0.0187 

2.10 

370182 

0.0173 

0.0192 

2.20 

387810 

0.0177 

0.0197 

2.30 

405438 

0.0181 

0.0201 

2.40 

423066 

0.0184 

0.0205 

2.50 

440693 

0.0188 

0.0210 

2.60 

458321 

0.0192 

0.0214 

2.70 

475949 

0.0196 

0.0218 

2.80 

493577 

0.0199 

0.0222 

2.81 

495339 

0.0200 

0.0222 

2.82 

497102 

0.0200 

0.0223 

2.83 

498865 

0.0200 

0.0223 


Hydrodynamic and Thermal Boundary Layer 

Thickness 

vs. 

Position 
Air Flowing 

0.025 

— 0.020 

E 

§ 0.015 

c 

jf 0 010 
® 0 005 
0.000 

0 00 0.50 1.00 1.50 2.00 2.50 3 00 

Position ( m ) 
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6-38 The hydrodynamic boundary layer and the thermal boundary layer both as a function of * are to be 

plotted for the flow of liquid water over a plate. 

Analysis The problem is solved using Excel, and the solution is given below. 

Assumptions 

1. The flow is steady and incompressible 

2. The critical Reynolds number is 500,000 

3. Air is an ideal gas 

4. The plate is smooth 

5. Edge effects are negligible and the upper surface of the plate is considered 

Input Properties 

The average film temperature is 40°C (Property data from Table A-9) 
p = 992.1 kg/m 3 
c p = 4179 J/kg-°C 
ju= 0.000653 kg/m-s 
k = 0.631 W/m-°C 
Pr = 4.32 


Input Parameters 

W= 0.3 m 
7} ;avg = 40°C 
V = 3 m/s 
r fluid = 15°C 
T s = 65°C 


Analysis 
The critical length: Re = 


VT 


cr 


V 


■>x cr = 


Rev Re ju (500,000)(0.000653 kg/m • s) 


Hydrodynamic boundary layer thickness: 8 = 


V Vp 
4.91* 


(3 m/s)(992.1 kg/m 3 ) 


= 0.11m 


Thermal boundary layer thickness: S t = 


7 

4.91x 

Pr 173 ^ 


x (m) 

Re x 

8 

St 

0.000 

0.000 

0 

0 

0.005 

22789 

0.0002 

0.0001 

0.010 

45579 

0.0002 

0.0001 

0.015 

68368 

0.0003 

0.0002 

0.020 

91158 

0.0003 

0.0002 

0.025 

113947 

0.0004 

0.0002 

0.030 

136737 

0.0004 

0.0002 

0.035 

159526 

0.0004 

0.0003 

0.040 

182315 

0.0005 

0.0003 

0.045 

205105 

0.0005 

0.0003 

0.050 

227894 

0.0005 

0.0003 

0.055 

250684 

0.0005 

0.0003 

0.060 

273473 

0.0006 

0.0004 

0.065 

296263 

0.0006 

0.0004 

0.070 

319052 

0.0006 

0.0004 

0.075 

341842 

0.0006 

0.0004 
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0.080 

364631 

0.0007 

0.0004 

0.085 

387420 

0.0007 

0.0004 

0.090 

410210 

0.0007 

0.0004 

0.095 

432999 

0.0007 

0.0004 

0.100 

455789 

0.0007 

0.0005 

0.105 

478578 

0.0008 

0.0005 

0.110 

501368 

0.0008 

0.0005 


Hydrodynamic and Thermal Boundary Layer Thickness 

vs. 

Position 
Water Flowing 



0 000 0.020 0.040 0.060 0.080 0.100 0.120 

Position ( m ) 


- 4 — Hydrodyan. B L 
-•-Thermal B L. 
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6-39 Parallel flow of oil between two plates is considered. The velocity and temperature distributions, the 
maximum temperature, and the heat flux are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Oil is an incompressible substance with constant 
properties. 3 Body forces such as gravity are negligible. 4 The plates are large so that there is no variation 
in z direction. 


Properties The properties of oil at the average temperature of (40+15)/2 = 27.5 °C are (Table A- 13): 

k = 0. 145 W/m-K and // = 0.605 kg/m-s = 0.605 N-s/m 2 

Analysis (a) We take the x-axis to be the flow direction, and y to be the normal direction. This is parallel 
flow between two plates, and thus v = 0. Then the continuity equation reduces to 


„ . . dudv 

Continuity : 1 = 0 > 

dx dy 



» u = u(y) 


Therefore, the x-component of velocity does not change 
in the flow direction (i.e., the velocity profile remains 
unchanged). Noting that u = w(y), v = 0, and 
dP / dx = 0 (flow is maintained by the motion of the 
upper plate rather than the pressure gradient), the x- 
momentum equation (Eq. 6-28) reduces to 


x-momentum : 


P 


u 


du du ' 
— + v — 
dx dy 



dP 

dx 



12 m/s 


•/t* 


L— 0.7 mm. 


Oil 




= 0 


T 2 = 40°C 


T\ = 25 °C 


This is a second-order ordinary differential equation, and integrating it twice gives 
u(y) = C x y + C 2 

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip 
condition. Therefore, the boundary conditions are u( 0) = 0 and u(L) = V, and applying them gives the 
velocity distribution to be 


u(y) = j-V 

L/ 

Frictional heating due to viscous dissipation in this case is significant because of the high 
viscosity of oil and the large plate velocity. The plates are isothermal and there is no change in the flow 
direction, and thus the temperature depends on y only, T = T(y). Also, u = u(y) and v = 0. Then the energy 
equation with dissipation (Eqs. 6-36 and 6-37) reduce to 


Energy : 0 = k 


d 2 T 
dy 2 


+ Ml 


'du ' 2 
yfyj 


■» k 


d 2 T 
dy 2 


= -M 


ry \ 2 




since du / dy = V / L . Dividing both sides by k and integrating twice give 


T(y) = 




2k 


L 


+ C 3 y + C4 


Applying the boundary conditions T(0) = T\ and T{L) = T 2 gives the temperature distribution to be 


To-r, 


T(y) = ^—±y + T l + 


pV 


L 


2k 


z_z_ 

L IJ 


2 ^ 


(. b ) The temperature gradient is determined by differentiating T(y) with respect to y, 


dy 


_ T 2~ T \ 

^ V 2 f 

L 

2kL y 


1 - 2 - 
L 


The location of maximum temperature is determined by setting dT/dy = 0 and solving for y, 
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dy 


T 2~ T 1 


L 

2kL 


1-2 — 
L 


= 0 


-» y = L 


' . T 2 -T x L 
k — i- + — 

juV 2 2 


The maximum temperature is the value of temperature at this y, whose numeric value is 


y = L 


't 2 -T x I ' 
k— H 


— (0.0007 m) 


Then 


v MV 1 

= 0.000379 1 m = 0.3791 mm 
T max = T (0.000379 1) = y + 7\ -i 


(0.145 W/m.°C) 


(40-15)°C 


(0.605 N.s/m 2 )(12 m/s) 


mv 


L 


2k 


z_z_ 

L U 


2 ^ 


(4 ° - 15) ° C (0.0003791 m) + !5°C + - ( °- 6 ° 5 N ' s/m )(12 ^ 


0.0007 m ' ' 2(0.145 W/m-°C) 

= 103.1 °C 

(c) Heat flux at the plates is determined from the definition of heat flux, 

2 T T . .T 7 2 


0.0003791m (0.0003791m) 


2 A 


0.0007 m 


(0.0007 m) 


% = ~ k 


dT 


dy 


y=0 


L 2kL L 2 L 


= -(0.145 W/m.°C) 


(40 - 1 5)°C (0.605 N • s/m 2 )(1 2 m/s) 


0.0007 m 


2(0.0007 m) 


1W 


lN-m/s 


= -6.74x10 4 W/m 2 


^ L = 


-k 


dT 


dy 


= -k 


To -T 


y=L 


L 


Z(l-2)=-^ 


7^ 


2kL 


L 


= -(0.145 W/m.°C) 


(40 - 1 5)°C (0.605 N • s/m 2 )(1 2 m/s) 


2L 

2 / 


0.0007 m 


2(0.0007 m) 


1W 


1 N-m/s 


= 5.71x10 4 W/m 2 


Discussion A temperature rise of about 76°C confirms our suspicion that viscous dissipation is very 
significant. Calculations are done using oil properties at 27.5 °C, but the oil temperature turned out to be 
much higher. Therefore, knowing the strong dependence of viscosity on temperature, calculations should 
be repeated using properties at the average temperature of about 65 °C to improve accuracy. 
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6-40 Parallel flow of oil between two plates is considered. The velocity and temperature distributions, the 
maximum temperature, and the heat flux are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Oil is an incompressible substance with constant 
properties. 3 Body forces such as gravity are negligible. 4 The plates are large so that there is no variation 
in z direction. 


Properties The properties of oil at the average temperature of (40+15)/2 = 27.5 °C are (Table A- 13): 

k = 0. 145 W/m-K and /./ = 0.605 kg/m-s = 0.605 N-s/m 2 

Analysis ( a ) We take the x-axis to be the flow direction, and y to be the normal direction. This is parallel 
flow between two plates, and thus v = 0. Then the continuity equation (Eq. 6-21) reduces to 


„ . . dudv 

Continuity : 1 = U 

dx dy 



» u = u(y) 


Therefore, the x-component of velocity does not change 
in the flow direction (i.e., the velocity profile remains 
unchanged). Noting that u - u(y), v = 0, and 
dP / dx = 0 (flow is maintained by the motion of the 
upper plate rather than the pressure gradient), the x- 
momentum equation reduces to 


12 m/s 


73 = 40°C 




/ 

\ 







L—\J. 4 mm 






.-.-.Oil-.-.-. 



> 




73 = 25 °C 


x-momentum : 


r 


P\ 


v 


du du 

u 1- v — 

dx dy 


\ 


J 


= M 


d 2 u 


dP 


dy 2 dx 


i 2 

a u 
dy 2 


= 0 


This is a second-order ordinary differential equation, and integrating it twice gives 
u(y) = C { y + C 2 

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip 
condition. Therefore, the boundary conditions are w(0) = 0 and u(L) = V, and applying them gives the 
velocity distribution to be 


u(y) = -jV 

Ij 

Frictional heating due to viscous dissipation in this case is significant because of the high 
viscosity of oil and the large plate velocity. The plates are isothermal and there is no change in the flow 
direction, and thus the temperature depends on y only, T = T(y). Also, u - u(y) and v = 0. Then the energy 
equation with dissipation reduces to 


Energy : 0 = k 


d 2 T 

dy 2 


r diP 


* ." 


v^y 


■» k 


d 2 T 

dy 2 


= ~P 


f yA 2 


v L j 


since du / dy -V / L . Dividing both sides by k and integrating twice give 


T(y) = 




2 k 


-V 

L 


+ C3 y + C4 


Applying the boundary conditions T(0) = T \ and T(L) = T 2 gives the temperature distribution to be 


73 -T 


T(y) = ^-^y + T l + 


juV 


L 


2 k 


z_z_ 

L IJ 


2 3 


(b) The temperature gradient is determined by differentiating T(y) with respect to y, 

1-2Z 


dy 


1 


L 

2 kL 


L 


The location of maximum temperature is determined by setting dT/dy = 0 and solving for y, 
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dy 


t 2 -t 1 

VV- 

L 

2kL 


1-2 — 
L 


= 0 




V 


LiV 


The maximum temperature is the value of temperature at this y, whose numeric value is 


y = L 


't 2 -T x I s 
k— L + — 

juV 2 2 


= (0.0004 m) 


(40-15)°C 1 

(0. 145 W/m.°C) -2 + - 

(0.605 N.s/m 2 )(12 m/s) 2 2 


= 0.0002166 m = 0.2166 mm 


Then 


T n - T, LlV 

r max = 7(0.0002166) = y + 7) H M 


2 f 2 ^ 

y y 


L 


2k 


L L- 


(40-15)°C nnnoi££ , 1COO (0.605 N • s/m 2 )(12 m/s) 2 fd 0002166m (0.0002166m) 

= (0. 0002166 m) + 15°C + — 

n nnn/i m w/m . °r\ n mm m /n aaa/i 2 


2 A 


0.0004 m ' ' 2(0. 145 W/m -°C) 

= 103.1°C 

(c) Heat flux at the plates is determined from the definition of heat flux, 

dTl -ZWU^(,-o)=-t^-^ 

£ 0 7,7 v 7 T 07 


0.0004 m (0.0004 m) 


<7o 


= —k 


dy 


= -k 


y = 0 

= -(0.145 W/m.°C) 


L 


2 L 


(40-15)°C (0.605 N-s/m 2 )(12 m/s) 2 ( 1W 


0.0004 m 


Vl 


= —k 


dT 


dy 


= -k 


To -r 


1 


l>-=L 

= -(0.145 W/m. °C) 


L 


2(0.0004 m) 

r 2 -r, t M v 


1 N • m/s 


= -1.18x10 5 W/m 


2kL 


L 


2L 


(40-15)°C (0.58 N-s/m 2 )(12 m/s) 2 ( 1W x 


0.0004 m 


2(0.0004 m) 


lN-m/s 


= 9.98x10 4 W/m 


Discussion A temperature rise of about 76°C confirms our suspicion that viscous dissipation is very 
significant. Calculations are done using oil properties at 27.5 °C, but the oil temperature turned out to be 
much higher. Therefore, knowing the strong dependence of viscosity on temperature, calculations should 
be repeated using properties at the average temperature of about 65 °C to improve accuracy. 
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6-41 The oil in a journal bearing is considered. The velocity and temperature distributions, the maximum 
temperature, the rate of heat transfer, and the mechanical power wasted in oil are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Oil is an incompressible substance with constant 
properties. 3 Body forces such as gravity are negligible. 


Properties The properties of oil at 50°C are given to be 
k = 0. 17 W/m-K and /u = 0.05 N-s/m 2 


Analysis (a) Oil flow in journal bearing can 
be approximated as parallel flow between 
two large plates with one plate moving and 
the other stationary. We take the x-axis to be 
the flow direction, and y to be the normal 
direction. This is parallel flow between two 
plates, and thus v = 0. Then the continuity 
equation reduces to 

^ . du dv ^ du 

Continuity'. 1 = 0 > — = 0 > u = u(y) 

dx dy dx 



Therefore, the v-component of velocity does not change in the flow direction (i.e., the velocity profile 
remains unchanged). Noting that u = u(y), v = 0, and dP / dx = 0 (flow is maintained by the motion of the 
upper plate rather than the pressure gradient), the v-momentum equation reduces to 


x-mo mention: p 


u 


du du 
+ v 


dx dy 


= M 


d 2 u dP 


, 2 

a u 


= 0 


dy 2 dx dy A 

This is a second-order ordinary differential equation, and integrating it twice gives 
u{y ) = C x y + C 2 

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip 
condition. Taking x = 0 at the surface of the bearing, the boundary conditions are w(0) = 0 and u(L) = V, 
and applying them gives the velocity distribution to be 


u(y) = jV 

The plates are isothermal and there is no change in the flow direction, and thus the temperature 
depends on y only, T = T(y). Also, u = u(y) and v = 0. Then the energy equation with viscous dissipation 
reduce to 


Energy : 


0 = k 


d 2 T 

~dE 


r du ^ 2 




dy 


d 2 T 
dy 2 


= ~M 


f 2 




since du / dy = V / L . Dividing both sides by k and integrating twice give 


T(y) = 




2k 


r \ 2 

J 


+ C 3 y + C 4 


Applying the boundary conditions T(0) = T 0 and T(L) = T 0 gives the temperature distribution to be 


T(y) = T 0 + 


pV 


2k 


z_z_ 

L L 


2 A 


The temperature gradient is determined by differentiating T(y) with respect to y, 


dT pV 


dy 2kL 


1 - 2 - 

L 
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The location of maximum temperature is determined by setting dT/dy = 0 and solving for y, 

2 


dT juV 


dy 2kL 


' y ' 

1-2 — 

L 


= 0 


■» y = 


L 

2 


Therefore, maximum temperature will occur at mid plane in the oil. The velocity and the surface area are 


V = 7rDn = 7i( 0.06 m)(3000 rev/min) 


1 min 
60s 


= 9.425 m/s 


A = 7rDL hearing = 7r( 0.06 m)(0.20 m) = 0.0377 m 
The maximum temperature is 


T = r(L/2) = 7" 0 + 




2k 


L/2 (L/2) 


v 


L 


V 


2 '\ 


J 


. MV 2 _ cao ^ . (0.05 N -s/m 2 )(9.425 m/s) 2 ' 

— 1 q i — 3U C H 


Sk 


( b ) The rates of heat transfer are 


8(0.17 W/m-°C) 


1W 


1 N • m/s 


= 53.3°C 


Go — ^ 


dT 


y=0 


dy 

= -(0.0377 m") 
dT 


2kL v ' 2L 


(0.05 N • s/m 2 )(9.425 m/s) 


G/ =-M 


dy 


2(0.0002 m) 

2 


1W 


1 N-m/s 


= -419 W 


y=L 


= -M^^(l-2) = A^^ = -e 0 =419 W 
2 kL y ’ 2L 0 


( c ) Therefore, rates of heat transfer at the two plates are equal in magnitude but opposite in sign. The 
mechanical power wasted is equal to the rate of heat transfer. 


W, 


mech 


= <2 = 2x419 = 838 W 
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6-42 The oil in a journal bearing is considered. The velocity and temperature distributions, the maximum 
temperature, the rate of heat transfer, and the mechanical power wasted in oil are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Oil is an incompressible substance with constant 
properties. 3 Body forces such as gravity are negligible. 

Properties The properties of oil at 50°C are given to be 

k = 0. 17 W/m-K and // = 0.05 N-s/m 2 

Analysis ( a ) Oil flow in journal bearing can be 
approximated as parallel flow between two 
large plates with one plate moving and the 
other stationary. We take the x-axis to be the 
flow direction, and y to be the normal 
direction. This is parallel flow between two 
plates, and thus v = 0. Then the continuity 
equation reduces to 


3000 rpm 



^ . . du dv . du 

Continuity : 1 = 0 > — = 0 

dx dy dx 




■> 


-> u = u(y) 


20 cm 



6 cm 


Therefore, the x-component of velocity does not change in the flow direction (i.e., the velocity profile 
remains unchanged). Noting that u = u(y), v = 0, and dP / dx = 0 (flow is maintained by the motion of the 
upper plate rather than the pressure gradient), the v-momentum equation reduces to 


x- momentum: p 


du du 

u 1 - v — 

dx dy 


= P 


d 2 u 


dP 


, 2 

a u 


= 0 


y L/A \J y J dy dx dy z 

This is a second-order ordinary differential equation, and integrating it twice gives 
u(y ) = C , >’ + C 2 

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip 
condition. Taking x = 0 at the surface of the bearing, the boundary conditions are «(0) = 0 and u(L) = V, 
and applying them gives the velocity distribution to be 

H(y) = yV 

Frictional heating due to viscous dissipation in this case is significant because of the high 
viscosity of oil and the large plate velocity. The plates are isothermal and there is no change in the flow 
direction, and thus the temperature depends on y only, T = T(y). Also, u = u(y) and v = 0. Then the energy 
equation with dissipation reduce to 

\2 


Energy: 0 = k 


d 2 T 

dy 2 


+ A! 


du 

dy 


■» k 


d 2 T 

dp 


= ~M 




since du / dy =V / L . Dividing both sides by k and integrating twice give 
dT 


dy 

T(y) = 


f± 

k 

P 


y y \ 2 




y + C-. 


2k 


L 


+ C 3 y + C 4 


Applying the two boundary conditions give 
B.C. 1: y=0 T(0) = T { >C A =T X 
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B.C. 2: y=L -k 


dT 

~dy 


= 0 = 


y=L 


kL 


Substituting the constants give the temperature distribution to be 


T(y) = T l + 


i‘V 


kL 


y 


y 


2 L 


The temperature gradient is determined by differentiating T(y) with respect to y, 
dT /jV 2 ( 


x- y - 

v L J 


dy kL 

The location of maximum temperature is determined by setting dT/dy = 0 and solving for y, 


dT juV 


dy kL 


v ^y 


= 0 


-» y = L 


This result is also known from the second boundary condition. Therefore, maximum temperature will occur 
at the shaft surface, for y = L. The velocity and the surface area are 


V = ttDN = k( 0.06 m)(3000 rev/min) 


r 1 min x 
60s 


= 9.425 m/s 


A = 7rDL hearing = 7r{ 0.06 m)(0.20 m) = 0.0377 m 
The maximum temperature is 


^max _ T(L) - T x + 


juV 


kL 


L 


U 


2 L 


= T i + 


mV 


= 50°C + 


(0.05 N • s/m 2 )(9.425 m/s) 


2(0.17 W/m-°C) 
(b) The rate of heat transfer to the bearing is 


v 2/ 


1W 




juV 


2k 


1 N • m/s 


63.1 °C 


Go = ~ kA 


dT 


dy 


v=0 


kL v 7 L 


= -(0.0377 m") 


2 (0.05 N • s/m ^ )(9.425 m/s) 


0.0002 m 


1W 


1 N-m/s 


837 W 


(c) The rate of heat transfer to the shaft is zero. The mechanical power wasted is equal to the rate of heat 
transfer, 


W, 


mech 


q = 837 w 
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6-43 EES Prob. 6-41 is reconsidered. The effect of shaft velocity on the mechanical power wasted by 
viscous dissipation is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.06 [m] 

N_dot=3000 [1/h] 

L_bearing=0.20 [m] 

U0.0002 [m] 

T_0=50 [C] 

"PROPERTIES" 
k=0.17 [W/m-K] 
mu=0.05 [N-s/m A 2] 

"ANALYSIS" 

Vel=pi*D*N_dot*Convert(1/min, 1/s) 
A=pi*D*L_bearing 
T_max=T_0+(mu*Vel A 2)/(8*k) 
Q_dot=A*(mu*Vel A 2)/(2*L) 

W dot mech=Q dot 


N [rpm] 

w mech [W] 

0 

0 

250 

2.907 

500 

11.63 

750 

26.16 

1000 

46.51 

1250 

72.67 

1500 

104.7 

1750 

142.4 

2000 

186 

2250 

235.5 

2500 

290.7 

2750 

351.7 

3000 

418.6 

3250 

491.3 

3500 

569.8 

3750 

654.1 

4000 

744.2 

4250 

840.1 

4500 

941.9 

4750 

1049 

5000 

1163 
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6-44 A shaft rotating in a bearing is considered. The power required to rotate the shaft is to be determined 
for different fluids in the gap. 

Assumptions 1 Steady operating conditions 


exist. 2 The fluid has constant properties. 3 4000 rpm 

Body forces such as gravity are negligible. 



Properties The properties of air, water, and oil ( ) 


) t 5 cm 

v x ’ 

at 40°C are (Tables A-15, A-9, A-13) / 

Air: fA- 1.918xl0" 5 N-s/m 2 

Water: /./ = 0.653xl0' 3 N-s/m 2 
Oil: fu = 0.2177 N-s/m 2 

Analysis A shaft rotating in a bearing can be approximated as 


rge plates with 



25 cm 

parallel flow between two la 


one plate moving and the other stationary. Therefore, we solve this problem considering such a flow with 
the plates separated by a L=0.5 mm thick fluid film similar to the problem given in Example 6-1. By 
simplifying and solving the continuity, momentum, and energy equations it is found in Example 6- 1 that 


W, 


mech 


- Qo - Ql ~ kA 


dT 


dy 


y = o 

First, the velocity and the surface area are 


= -kA (l - o) = -A = -A 

2 kL v ' 2L 


2 L 


V = ttDN - ;r(0.05 m)(4000 rev/min) 


1 min 
60s 


= 10.47 m/s 


A = /rDL bcanng = *(0.05 m)(0.25 m) = 0.03927 m 2 


(i a ) Air: 


■ uV 2 2 . (1.918x10 ^ N • s/m 2 )( 10.47 m/s) 2 ^ 

W mech = ~ A ~rz = -(0.03927 m ) 


( b ) Water: 


2 L 


pV 


2(0.0005 m) 


1W 


, (0.653xl0 -3 N • s/m z )(l 0.47 m/s) 


^mech =Qo = ~A s -—- = -(0.03927 m ) 


2 L 


(. c ) Oil: 


juV 


^mech = 2o = = "(0-03927 m ) 


2(0.0005 m) 


2 x (0.2177 N • s/m 2 )(10.47 m/s) 


1 N-m/s 


1W 

1 N • m/s 


0.083 W 


2.81 W 


2(0.0005 m) 


1W 

1 N*m/s 


937 W 
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6-45 The flow of fluid between two large parallel plates is considered. The relations for the maximum 
temperature of fluid, the location where it occurs, and heat flux at the upper plate are to be obtained. 

Assumptions 1 Steady operating conditions exist. 2 The fluid has constant properties. 3 Body forces such 
as gravity are negligible. 

Analysis We take the x-axis to be the flow direction, and y to be the normal direction. This is parallel flow 
between two plates, and thus v = 0. Then the continuity equation reduces to 


Continuity. 


du 

dx 



» — = 0 > u = u(y) 

dx 


Therefore, the x-component of velocity does not change in the 
flow direction (i.e., the velocity profile remains unchanged). 
Noting that u = u(y), v = 0, and dP / dx = 0 (flow is maintained by 
the motion of the upper plate rather than the pressure gradient), the 
x-momentum equation reduces to 


x-momentum : 




P 


du du 
u h v 


\ 


V 


dx dy 


= P 


d 2 u 


dP 

dx 




This is a second-order ordinary differential equation, and integrating it twice gives 
u(y) = C l y + C 2 

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip 
condition. Therefore, the boundary conditions are u( 0) = 0 and u(L ) = V, and applying them gives the 
velocity distribution to be 


“(y) = jV 

Ij 

Frictional heating due to viscous dissipation in this case is significant because of the high 
viscosity of oil and the large plate velocity. The plates are isothermal and there is no change in the flow 
direction, and thus the temperature depends on y only, T = T(y). Also, u = u(y) and v = 0. Then the energy 
equation with dissipation (Eqs. 6-36 and 6-37) reduce to 


Energy : 


„ , d 2 T 

0 = k — - + M 

dy 2 


'chi ' 2 

\dy ; 


-> k 


d 2 T 
dy 2 


= ~P 


fy ^ 2 


kLj 


since du / dy = V / L . Dividing both sides by k and integrating twice give 
dT 


dy 


T(y) = 


f± 

k 

P 


fy \ 2 




2k 


> V 
L 


y + C 3 
\2 


+ C 3 y + C4 


Applying the two boundary conditions give 

dT 


B.C. 1: y=0 -k 


dy 


= 0 


>C 3 = 0 


v=o 


B.C. 2: y=L T (L) = 7} 


^ C a —Tt\ + 


2k 


Substituting the constants give the temperature distribution to be 


T(y) = T 0 + 


pv; 

2k 


r 

r 

E 
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The temperature gradient is determined by differentiating T(y) with respect to y, 


dT -juV 


y 


dy kL 2 

The location of maximum temperature is determined by setting dT/dy = 0 and solving for y, 
dT -juV 


y = 0 >y = 0 

dy kLr 

Therefore, maximum temperature will occur at the lower plate surface, and it s value is 


= T{ 0) = 7n + 


juV 


2k 

.The heat flux at the upper plate is 
dT 


q L = -k 


dy 


-k^U-^ 


y=L 


kL 


L 
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6-46 The flow of fluid between two large parallel plates is considered. Using the results of Problem 6-45, a 
relation for the volumetric heat generation rate is to be obtained using the conduction problem, and the 
result is to be verified. 


Assumptions 1 Steady operating conditions exist. 2 The fluid has 
constant properties. 3 Body forces such as gravity are 
negligible. 

Analysis The energy equation in Prob. 6-45 was determined to be 


V 


d 2 T 

dy 2 


= ~M 


r V \ 2 

v-^y 


(1) 


/N 


T 0 


L 
v : 


Fluid 


The steady one-dimensional heat conduction equation with 
constant heat generation is 


d T ^ g g en _ o 


( 2 ) 


dy k 

Comparing the two equation above, the volumetric heat generation rate is determined to be 


e gen A 


V Ty 


Integrating Eq. (2) twice gives 
dT e. 


gen 


dy 

T(y) = 


y + C : 


gen 2 


2k 


y + C 3 y + C 4 


Applying the two boundary conditions give 

dT 


B.C. 1: y=0 -k 


dy 


= 0 =0 


v=o 


B.C. 2: y=L T(L) = T { 


->C 4 =T 0 +-^L 2 
4 0 2k 


Substituting, the temperature distribution becomes 


e„ a „ U 


T(y) = T 0 + 


gen 




2k 


U 


Maximum temperature occurs at y = 0, and it value is 


r max = 7X0) = r n + 


^gen-T 

2k 


which is equivalent to the result T max = T(0) = T 0 + 


juV 


2k 


obtained in Prob. 6-45. 
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6-47 The oil in a journal bearing is considered. The bearing is cooled externally by a liquid. The surface 
temperature of the shaft, the rate of heat transfer to the coolant, and the mechanical power wasted are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Oil is an incompressible substance with constant 
properties. 3 Body forces such as gravity are negligible. 

Properties The properties of oil are given to be k = 0.14 W/m-K and p = 0.03 N-s/m . The thermal 
conductivity of bearing is given to be k = 70 W/m-K. 


Analysis (a) Oil flow in a journal bearing can 
be approximated as parallel flow between 
two large plates with one plate moving and 
the other stationary. We take the x-axis to be 
the flow direction, and y to be the normal 
direction. This is parallel flow between two 
plates, and thus v = 0. Then the continuity 
equation reduces to 

^ . . du dv du n . . 

Continuity : 1 = 0 > — = 0 > u = u(y) 

dx dy dx 


4500 rpm 



< > 

15 cm 


Therefore, the x-component of velocity does not change in the flow direction (i.e., the velocity profile 
remains unchanged). Noting that u = w(y), v = 0, and dP ! dx- 0 (flow is maintained by the motion of the 
upper plate rather than the pressure gradient), the x-momentum equation reduces to 


x-momentum : p 


u 


du du 
— + v — 

dx dy 


= M 


d 2 u 


dP 


dy 2 dx 


I 2 

a u 

dy 2 


= 0 


This is a second-order ordinary differential equation, and integrating it twice gives 
u(y) = C iy + C 2 

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip 
condition. Therefore, the boundary conditions are u( 0) = 0 and u(L) = V, and applying them gives the 
velocity distribution to be 


u{y) = jV 

Ld 


where 


V = 7zDh = ;r(0.05 m)(4500 rev/min) 


1 min 
60s 


= 11.78 m/s 


The plates are isothermal and there is no change in the flow direction, and thus the temperature 
depends on y only, T = T(y). Also, u = u(y) and v = 0. Then the energy equation with viscous dissipation 
reduces to 


Energy : 


„ , d 2 T 

0 = k — - + M 

dy 2 


'du ' 2 


dy 


d 2 T 

dy 2 


= ~M 


fy \ 2 

KL; 


since du / dy = V / L . Dividing both sides by k and integrating twice give 
dT 


dy 


T(y) = 


k 

P 


r y \ 2 




2k 


2. v 

kL J 


y+c 3 
\2 


+ C 3 y + C 4 


Applying the two boundary conditions give 
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B.C. 1: y=0 -k 


dT 


dy 


= 0 


->C 3 =0 


y=0 


B.C. 2: y=L T(L)=T ( 


A C a — T(\ + 


//V 


2k 


Substituting the constants give the temperature distribution to be 


T(y) = T 0 + 


mV 


2 k 


y 


u 


The temperature gradient is determined by differentiating T(y) with respect to y, 
dT -juV 


, 7 y 

dy JcL 2 

.The heat flux at the upper surface is 
dT 


<?/, = ~k 


dy 


= k^L^ Vl 


y=L 


kV 


L 


Noting that heat transfer along the shaft is negligible, all the heat generated in the oil is transferred to the 
shaft, and the rate of heat transfer is 

Q = A q = 0 ttDW ) = ^(0.05 m)(0. 15 m) ( Q - 03 N ; s/m X 1 1 i 78 m/s ) _ = -| 63>5 W 


L 


0.0006 m 


(b) This is equivalent to the rate of heat transfer through the cylindrical sleeve by conduction, which is 
expressed as 

2 TfWiT, -7\) 2^(0. 15 m)(T 0 -40°C) 

Q = k — 5 S -L -> (70W/m-°C) — = 163.5 W 

In (D 0 /D) ln(8/5) 

which gives the surface temperature of the shaft to be 
T a = 41.2°C 

(c) The mechanical power wasted by the viscous dissipation in oil is equivalent to the rate of heat generation, 

Wiost = e = 163.5 W 
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6-48 The oil in a journal bearing is considered. The bearing is cooled externally by a liquid. The surface 
temperature of the shaft, the rate of heat transfer to the coolant, and the mechanical power wasted are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Oil is an incompressible substance with constant 
properties. 3 Body forces such as gravity are negligible. 

Properties The properties of oil are given to be k = 0.14 W/m-K and p = 0.03 N-s/m . The thermal 
conductivity of bearing is given to be k = 70 W/m-K. 


Analysis (a) Oil flow in a journal bearing can 
be approximated as parallel flow between 
two large plates with one plate moving and 
the other stationary. We take the x-axis to be 
the flow direction, and y to be the normal 
direction. This is parallel flow between two 
plates, and thus v = 0. Then the continuity 
equation reduces to 

^ . . du dv du n . . 

Continuity : 1 = 0 > — = 0 > u = u(y) 

dx dy dx 



Therefore, the x-component of velocity does not change in the flow direction (i.e., the velocity profile 
remains unchanged). Noting that u = w(y), v = 0, and dP ! dx- 0 (flow is maintained by the motion of the 
upper plate rather than the pressure gradient), the x-momentum equation reduces to 


x-momentum : p 


u 


du du 
— + v — 

dx dy 


= M 


d 2 u 


dP 


dy 2 dx 


I 2 

a u 

dy 2 


= 0 


This is a second-order ordinary differential equation, and integrating it twice gives 
u(y) = C iy + C 2 

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip 
condition. Therefore, the boundary conditions are u( 0) = 0 and u(L) = V , and applying them gives the 
velocity distribution to be 


u{y) = jV 

Ld 


where 


V = 7zDh = 7 t(0.05 m)(4500 rev/min) 


1 min 
60s 


= 11.78 m/s 


The plates are isothermal and there is no change in the flow direction, and thus the temperature 
depends on y only, T = T(y). Also, u = u(y) and v = 0. Then the energy equation with viscous dissipation 
reduces to 


Energy : 


„ , d 2 T 

0 = k — - + M 

dy 2 


'du ' 2 


dy 


d 2 T 

dy 2 


= ~M 


fy \ 2 

KL; 


since du / dy = V / L . Dividing both sides by k and integrating twice give 
dT 


dy 


T(y) = 


k 

P 


r y \ 2 




2k 


2. v 

kL J 


y+c 3 
\2 


+ C 3 y + C 4 


Applying the two boundary conditions give 
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B.C. 1: y=0 -k — =0 

a.-o 


C 3 = 0 


B.C. 2: y=L T(L)=T ( 


Q -T 0 + 


Substituting the constants give the temperature distribution to be 


T(y) = T 0 +^— i-'- 


The temperature gradient is determined by differentiating T(y) with respect to y, 

dT ~/uV 2 

— = ~ ^ 

dy JcL 2 

.The heat flux at the upper surface is 


<?/, = ~k 


dy 


= k^L = ^ 
kL 2 L 


Noting that heat transfer along the shaft is negligible, all the heat generated in the oil is transferred to the 
shaft, and the rate of heat transfer is 

Q - A s q L = (uDW) ^ — = *(0.05 m)(0.15 m) (°- 03N - s/m )(1 1-78 m/s) = gg A w 

L 0.001m 

(b) This is equivalent to the rate of heat transfer through the cylindrical sleeve by conduction, which is 
expressed as 

InWiJr, - T v ) 2^(0. 15 m)(r 0 - 40°C) 

Q = k — 5 Li -> (70W/m-°C) — ^ = 98.1 W 

In (D 0 /D) ln(8/5) 

which gives the surface temperature of the shaft to be 
T 0 = 40.7°C 

(c) The mechanical power wasted by the viscous dissipation in oil is equivalent to the rate of heat generation, 

Wiosi = <2 = 98.1 W 
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Momentum and Heat Transfer Analogies 


6-49C Reynolds analogy is expressed as 



R°l 

2 


= Nu x 


It allows us to calculate the heat transfer 


coefficient from a knowledge of friction coefficient. It is limited to flow of fluids with a Prandtl number of 
near unity (such as gases), and negligible pressure gradient in the flow direction (such as flow over a flat 
plate). 


Re j 1/3 ^ f -r 

6-50C Modified Reynolds analogy is expressed as C x — ^ - = Nu x Pr or — — 


2 


2 


h x 

pc„V 


Pr 2 ' 3 - Jh ■ 


It allows us to calculate the heat transfer coefficient from a knowledge of friction coefficient. It is valid for 
a Prandtl number range of 0.6 < Pr < 60. This relation is developed using relations for laminar flow over a 
flat plate, but it is also applicable approximately for turbulent flow over a surface, even in the presence of 
pressure gradients. 


6-51 A flat plate is subjected to air flow, and the drag force acting on it is measured. The average 
convection heat transfer coefficient and the rate of heat transfer on the upper surface are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The edge effects are 
negligible. 


Properties The properties of air at 20°C and 1 atm are (Table A- 15) 

p = 1 .204 kg/m 3 , c p = 1 .007 kJ/kg-K, Pr = 0.7309 

Analysis The flow is along the 4-m side of the 
plate, and thus the characteristic length is L = 4 m. 

The surface area of the upper surface is 

A = WL ~ (4 m)(4 m) = 1 6 m 2 


Air 
20°C 
10 m/s 


<- 


■> 


L = 4 m 


For flat plates, the drag force is equivalent to friction force. The 
average friction coefficient C/ can be determined from 


F f= C f A S 


pV 


F 


-> c f - 


f 


2.4 N 


pA s V 2 /2 (1.204 kg/m 3 )(16m 2 )(10 m/s) 2 /2 


f \ kg- m/s 2 N 
IN 


= 0.002492 


Then the average heat transfer coefficient can be determined from the modified Reynolds analogy to be 
C f pVc p 0.002492 (1 .204 kg/m 3 )(10 m/s)(1007 J/kg • °C) 


k 2 p r 2/3 2 

Them the rate of heat transfer becomes 


(0.7309) 


2/3 


= 18.62 W/m 2 C 


Q = hA s (T s -TJ = (1 8.62 W/m 2 • °C)( 1 6 m 2 )(80 - 20)°C = 17,900 W 
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Q = hA (T -T x ) >h = 


A s (T s -TJ (12 m 2 )(155 - 25)°C 


= 1.335 W/m 2 -°C 


V V 'V V 


6-52 A metallic airfoil is subjected to air flow. The average friction coefficient is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The edge effects are negligible. 

Properties The properties of air at 25°C and 1 atm are (Table A- 15) 
p = 1.184 kg/m 3 , Cp =1.007 kJ/kg-K, Pr = 0.7296 
Analysis First, we determine the rate of heat transfer from 

a = mc P,^Mi(T 2 -TQ = (50 kg)(500 J/kg • °C)(1 60 - 1 50)°C _ 2Qg3 w 
At (2x 60 s) 

Then the average heat transfer coefficient is 

Q 2083 W 


Air 
25 °C 
5 m/s 



where the surface temperature of airfoil is taken as its average temperature, which is (150+160)/2=155°C. 
The average friction coefficient of the airfoil is determined from the modified Reynolds analogy to be 




2hPr 


2/3 


2(1.335 W/m 2 ■°C)(0.7296) 2/3 
/ oVc (1.184 kg/m 3 )(5 m/s)(1007 J/kg •°C) 


= 0.000363 


V V V V 


6-53 A metallic airfoil is subjected to air flow. The average friction coefficient is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The edge effects are negligible. 

Properties The properties of air at 25°C and 1 atm are (Table A- 15) 
p = 1.184 kg/m 3 , c p =1.007 kJ/kg-K, Pr = 0.7296 
Analysis First, we determine the rate of heat transfer from 

'» c P,airfoiiC T 2 -T{) (50 kg)(500 J/kg • °C)(160 — 150)°C onoo „, 

U = = = zUoJ W 

At (2x 60 s) 

Then the average heat transfer coefficient is 

Q 2083 W 


Air 
25°C 
10 m/s 


Q = hA s (T s — T x ) >h = 


A S {T S -T X ) (12 m 2 )(155 - 25)°C 


= 1.335 W/m 2 -°C 



where the surface temperature of airfoil is taken as its average temperature, which is (150+160)/2=155°C. 
The average friction coefficient of the airfoil is determined from the modified Reynolds analogy to be 

2/3 2(1.335 W/m 2 -°C)(0.7296) 2/3 „„„„„„„ 

= = 0.000181 


c / = 


2/zPr 


pVc (1.184 kg/m 3 )(10 m/s)(1007 J/kg • °C) 
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6-54 The windshield of a car is subjected to parallel winds. The drag force the wind exerts on the 
windshield is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The edge effects are negligible. 

Properties The properties of air at 0°C and 1 atm are (Table A- 15) 


p = 1 .292 kg/m 3 , c p =1 .006 kJ/kg-K, Pr = 0.7362 
Analysis The average heat transfer coefficient is 
Q = hA s {T s -T ao ) ( 

Q 1 


Air 

0°C 

80 km/h 


A s (T s -T^) 

50W 

(0.6xl.8m 2 )(4-0)°C 


Windshield 

7>4°C 


= 11.57 W/m -°C 


The average friction coefficient is determined from 
the modified Reynolds analogy to be 


1.8 m 


_ 2/zPr 2/3 _ 2(11.57 W/m • °C)(0.7362) 

1 pVc p (1.292 kg/m 3 )(80/ 3.6 m/s)(1006 J/kg • °C) 
The drag force is determined from 


= 0.0006534 


F f = C f A s — = (0.0006534X0.6 x 1.8 m z ) 

j j • 2 


2 (1.292 kg/m 3 )(80/3.6m/s) 2 


6-55 An airplane cruising is considered. The average heat transfer coefficient is to be determined. 


Assumptions 1 Steady operating conditions 
exist. 2 The edge effects are negligible. 

Properties The properties of air at -50°C and 1 atm 
are (Table A- 15) 

=0.999 kJ/kg-K Pr = 0.7440 

The density of air at -50°C and 26.5 kPa is 


P 

RT 


26.5 kPa 

(0.287 kJ/kg.K)(-50 + 273)K 


= 0.4141 kg/m 3 



25 m 


Analysis The average heat transfer coefficient can be determined from the modified Reynolds analogy to 
be 


Cf pVc p 

~ Pr” 


0.0016 (0.4141 kg/m 3 )(800 / 3.6 m/s)(999 J/kg • °C) 
2 (0.7440) 2/3 


= 89.6 W/m 2 C 
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Special Topic: Microscale Heat Transfer 


6-56 It is to be shown that the rate of heat transfer is inversely proportional to the size of an object. 
Analysis Consider a cylinder of radius r and length /. The surface area of this cylinder is A - 2 7rr(l + r) 


and its volume is A = ttt 1 l . Therefore, the area per unit volume is which, for a long tube / «r, 

rl 


becomes — = — . Similarly, it can be shown that the surface area to volume ratio is 
{/ r 



— for a sphere of 
r 


zmA 


i/ 

A/V=6/r 


Note that as r becomes smaller, the surface to volume ratio increases. Specifically, this means that while 
the surface area is about the same order of that of the volume of macroscale (meter, centimeter scale) 
objects, but the surface becomes million or more times the volume as the size of the object goes to 
micrometer scale or below. Since, convective heat transfer is proportional to A(T - T <*>), heat flow increases 
as A increases. 


6-57 For specified wall and fluid temperatures, the heat flux at the wall of a microchannel is to be 
determined. 

Assumptions Steady operating conditions exist. 

Properties The properties for both cases are given. 

Analysis: ( a ) The gas and wall temperatures are T g =100°C = 373 K, T w = 50°C = 323 K. Then, 


T -T = 

8 w 


2-o t 

( r, \ 

2 y 


' 8T^ 

vr 

( 2-H 

f 2x1.667 ^ 

(0.5) 

' dT'' 

O y 

U+iJ 

vPr, 

U^J 

l i J 

t 2.667 j 



w 


''dr'' 


dy 


T g -T w 373-323 


W 


0.625 


v j 

Therefore, the wall heat flux is 


0.625 


= 80 KJm 


-k 


r 8T ' 




= (0.15 W/m • K)(80 K/m) = 1 2 W/m 


W 


( b ) Repeating the same calculations for a different set of properties, 


T -T = 

8 w 


2-o 


T 




o 


T 


2 r 


y + 1 


/l 


A Pr / 


dT 


W 


2 - 0.8 

0.8 


'2x2V / dT ' 


V 2 + ly 




w 


r dT^ 




dy 

-k 


T Z ~ T W 373-323 


w 


10 


10 


= 5 K/m 


r dT^ 

j 


= (0.1 W/m • K)(5 K/m) = 0.5 W/m 


w 
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6-58 For a specified temperature gradient, the Nusselt numbers associated with ambient air and nitrogen 
gas are to be determined. 

Assumptions Steady operating conditions exist. 

Analysis: At the outer surface of the microchannel (assuming it to be infinitesimally thin), the heat 
transferred through the channel fluid (gas-wall interface) outward should balance the heat convected 
outside, and 


h(T a -T ) = -k 


r dT A 

¥ 


W 


Therefore, the Nusselt number for cooling is 
Nu 

* Wa -TJ 


The channel is 1.2 pm thick, i.e., L- 1.2 x 1CT 6 m. 
(a) For an ambient air temperature of 30°C, 

h _ ~(dT / dy) w _ 80 K/m _ i 
(T a -TJ “(50-30)K“ 


Thus, 

Nu = hUk = (4 m')( 1.2x1 O' 6 m) = 4.8 x 10' 6 
(. b ) For a nitrogen gas temperature of -100°C, 

h _ -(dT !dy) w = 80 K/m _i 

k (T a -T w ) [50-(-100)]K 

Thus, 

Nu = hUk - (0.533 m _1 )( 1.2x1 O' 6 m) = 6.4 x 10‘ 7 
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Review problems 

6-59 The Coutte flow of a fluid between two parallel plates is considered. The temperature distribution is 
to be sketched and determined, and the maximum temperature of the fluid, as well as the temperature of the 
fluid at the contact surfaces with the lower and upper plates are to be determined. 

Assumptions Steady operating conditions exist. 

Properties The viscosity and thermal conductivity of the fluid are given to be ju = 0.8 N-s/m and kf = 0.145 
W/m-K. The thermal conductivity of lower plate is given to be k p =1.5 W/m-K. 

Analysis : ( a ) 



The sketch of temperature distribution is given in the figure. We observe from this figure that there are 
different slopes at the interface (y = 0) because of different conductivities (k p > kf). The slope is zero at the 
upper plate (y = L) because of adiabatic condition. 

(b) The general solution of the relevant differential equation is obtained as follows: 


u= — V > — = — 

L dy L 

TTL-ZJLYT s dT - -V y2 

dy 2 k f L 2 dy k f L 2 

r, ^ ~ /I V~ 1 ^ ^ n 

2kjl} y * C ' y * C > 


Applying the boundary conditions: 


y = 0 


q f =q P 
k n 


->-k 


dT 


f 


dy 


k f C l =^(C 2 -T s ) 


b 


_ r(0)-r s 

b/ k p 

(1) 


y = L, adiabatic 


dT 


dy 


= 0 >C t = 


L 


JLXl 

k f L 


From Eq. (1), C 2 =b-^C l+ T s =b^-^- + T s 

k p k p L 


Substituting the coefficients, the temperature distribution becomes 
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-u V 2 2 V V 2 u V 2 
T(y) = -f-^y 2 +——y+— — b + T : 


2k f l 2 


k f L 


k p L 


(c) Then the temperatures at the contact surfaces are determined to be 


r ( 0)=0 + 0 


0.8 5 


1.5 0.005 


0.003 + 40 = 48°C 


T(y) = 


— — - 0.005 2 + — — 0.005 + — — — 0.003 + 40 = 1 

2 ( 0 . 145 ) 0 . 005 2 0.145 0.005 1.5 0.005 

The maximum temperature is T max = T(L ) = 1 17°C because of the adiabatic condition at 


17°C 

y = L. 
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6-60 The hydrodynamic boundary layer and the thermal boundary layer both as a function of x are to be 
plotted for the flow of engine oil over a plate. 

Analysis The problem is solved using Excel, and the solution is given below. 


Assumptions 

1 . The flow is steady and incompressible 

2. The critical Reynolds number is 500,000 

3. Air is an ideal gas 

4. The plate is smooth 

5. Edge effects are negligible and the upper surface of the plate is considered 

Input Properties 

The average film temperature is 40°C (Property data from Table A- 13) 
p = 876 kg/m 3 
c p = 1964 J/kg-°C 
p= 0.2177 kg/m-s 
k = 0.1444 W/m-°C 
Pr = 2962 

Input Parameters 
Vk = 0.3 m 
7} ;avg = 40°C 
V = 3 m/s 
Tfiuid = 15°C 
T s = 65°C 


Analysis 

The critical length: Re = 


Vx 


cr 


V 


-> X cr = 


Rev Re ju (500,000)(0.2177 kg/m • s) 


Hydrodynamic boundary layer thickness: 8 = 


V Vp 
4.91x 


(3 m/s)(876 kg/m 3 ) 


= 41.42 m 


Thermal boundary layer thickness: 8, = 


V Re * 

4.91x 

Pr I/3 7^7 


x(m) 

Re x 

5 

5, 

0.000 

0.000 

0 

0 

1.000 

12072 

0.0455 

0.0032 

2.000 

24143 

0.0644 

0.0045 

3.000 

36215 

0.0788 

0.0055 

4.000 

48287 

0.0910 

0.0063 

5.000 

60358 

0.1018 

0.0071 

6.000 

72430 

0.1115 

0.0078 

7.000 

84502 

0.1204 

0.0084 

8.000 

96573 

0.1287 

0.0090 

9.000 

108645 

0.1365 

0.0095 

10.000 

120717 

0.1439 

0.0100 

11.000 

132788 

0.1509 

0.0105 

12.000 

144860 

0.1576 

0.0110 

13.000 

156932 

0.1641 

0.0114 

14.000 

169003 

0.1703 

0.0119 

15.000 

181075 

0.1763 

0.0123 

16.000 

193147 

0.1820 

0.0127 

17.000 

205218 

0.1876 

0.0131 
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18.000 

217290 

0.1931 

0.0134 

19.000 

229362 

0.1984 

0.0138 

20.000 

241433 

0.2035 

0.0142 

21.000 

253505 

0.2085 

0.0145 

22.000 

265576 

0.2135 

0.0149 

23.000 

277648 

0.2182 

0.0152 

24.000 

289720 

0.2229 

0.0155 

25.000 

301791 

0.2275 

0.0158 

26.000 

313863 

0.2320 

0.0162 

27.000 

325935 

0.2365 

0.0165 

28.000 

338006 

0.2408 

0.0168 

29.000 

350078 

0.2451 

0.0171 

30.000 

362150 

0.2493 

0.0174 

31.000 

374221 

0.2534 

0.0176 

32.000 

386293 

0.2574 

0.0179 

33.000 

398365 

0.2614 

0.0182 

34.000 

410436 

0.2654 

0.0185 

35.000 

422508 

0.2692 

0.0187 

36.000 

434580 

0.2730 

0.0190 

37.000 

446651 

0.2768 

0.0193 

38.000 

458723 

0.2805 

0.0195 

39.000 

470795 

0.2842 

0.0198 

40.000 

482866 

0.2878 

0.0200 

41.000 

494938 

0.2914 

0.0203 

41.210 

497473 

0.2921 

0.0203 

41.420 

500008 

0.2929 

0.0204 



PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


6-37 


Fundamentals of Engineering (FE) Exam Problems 

6-61 The number is a significant dimensionless parameter for forced convection and the 

number is a significant dimensionless parameter for natural convection. 

(a) Reynolds, Grashof (b) Reynolds, Mach (c) Reynolds, Eckert 

(d) Reynolds, Schmidt (e) Grashof, Sherwood 
Answer (a) 


6-62 For the same initial conditions, one can expect the laminar thermal and momentum boundary layers 
on a flat plate to have the same thickness when the Prandtl number of the flowing fluid is 
(a) Close to zero (b) Small (c) Approximately one 

(d) Large (e) Very large 

Answer (c) 


6-63 One can expect the heat transfer coefficient for turbulent flow to be for laminar flow 

(a) less than (b) same as (c) greater than 

Answer (c) 


6-64 Most correlations for the convection heat transfer coefficient use the dimensionless Nusselt number, 
which is defined as 

(a) h / k (b) k/ h (c) hL c / k (d) kL c / h (e) k/pc p 

Answer (c) 


6-65 In any forced or natural convection situation, the velocity of the flowing fluid is zero where the fluid 
wets any stationary surface. The magnitude of heat flux where the fluid wets a stationary surface is given 
by 


(a) k(T nuid T wall ) 


(b) k 


dT 

~dy 



d 2 T 


, , dT 


(c) k — 


(d) h — 

wall 

dy 

wall 

dy 


wall 


(e) None of them 


Answer (b) 


6-66 In turbulent flow, one can estimate the Nusselt number using the analogy between heat and 
momentum transfer (Colburn analogy). This analogy relates the Nusselt number to the coefficient of 
friction, C/, as 

(a) Nu = 0.5 C/ Re Pr 1/3 (b) Nu = 0.5 C/Re Pr 2/3 (c) Nu = C/Re Pr 1/3 

( d ) Nu = C/Re Pr 2/3 (e) Nu = C/Re 1/2 Pr 1/3 

Answer (a) 
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6-67 An electrical water ( k = 0.61 W/m-K) heater uses natural convection to transfer heat from a 1-cm 
diameter by 0.65 -m long, 1 10 V electrical resistance heater to the water. During operation, the surface 
temperature of this heater is 120°C while the temperature of the water is 35°C, and the Nusselt number 
(based on the diameter) is 5. Considering only the side surface of the heater (and thus A = tiDL ), the current 
passing through the electrical heating element is 

(a) 2.2 A (b) 2.7 A (c) 3.6 A (d) 4.8 A (e) 5.6 A 

Answer (d) 4.8 A 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


k=0.61 [W/m-K] 
d=0.01 [m] 
L=0.65 [m] 
Nus=5 
DT=85 [K] 

DV=1 10 [Volt] 
h=Nus*k/d 
Q=h*pi*d*L*DT 
l=Q/DV 


6-68 The coefficient of friction C/ for a fluid flowing across a surface in terms of the surface shear stress, 
r 9 , is given by 

(a) 2 pV 2 / t s (b) 2 t s /pV 2 (c) 2 t s /pV 2 AT (d) 4 t s ipV 2 (e) None of them 

Answer (b) 


6-69 The transition from laminar flow to turbulent flow in a forced convection situation is determined by 
which one of the following dimensionless numbers? 

(a) Grasshof (b) Nusselt (c) Reynolds (d) Stanton (e) Mach 

Answer (c) 


6-70, 6-71 Design and Essay Problems 
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Chapter 7 

EXTERNAL FORCED CONVECTION 


7-1 


Drag Force and Heat Transfer in External Flow 

7-1C The velocity of the fluid relative to the immersed solid body sufficiently far away from a body is 
called th e free- stream velocity , V x . The upstream (or approach ) velocity V is the velocity of the 
approaching fluid far ahead of the body. These two velocities are equal if the flow is uniform and the body 
is small relative to the scale of the free-stream flow. 


7-2C A body is said to be streamlined if a conscious effort is made to align its shape with the anticipated 
streamlines in the flow. Otherwise, a body tends to block the flow, and is said to be blunt. A tennis ball is a 
blunt body (unless the velocity is very low and we have “creeping flow”). 


7-3C The force a flowing fluid exerts on a body in the flow direction is called drag. Drag is caused by 
friction between the fluid and the solid surface, and the pressure difference between the front and back of 
the body. We try to minimize drag in order to reduce fuel consumption in vehicles, improve safety and 
durability of structures subjected to high winds, and to reduce noise and vibration. 


7-4C The force a flowing fluid exerts on a body in the normal direction to flow that tend to move the body 
in that direction is called lift. It is caused by the components of the pressure and wall shear forces in the 
normal direction to flow. The wall shear also contributes to lift (unless the body is very slim), but its 
contribution is usually small. 


7-5C When the drag force F D , the upstream velocity V, and the fluid density p are measured during flow 
over a body, the drag coefficient can be determined from 



1 

2 


Fp 

pV 2 A 


where A is ordinarily th e frontal area (the area projected on a plane normal to the direction of flow) of the 
body. 


7-6C The frontal area of a body is the area seen by a person when looking from upstream. The frontal area 
is appropriate to use in drag and lift calculations for blunt bodies such as cars, cylinders, and spheres. 


7-7C The part of drag that is due directly to wall shear stress t w is called the skin friction drag F D f r i Ct ion 
since it is caused by frictional effects, and the part that is due directly to pressure P and depends strongly 
on the shape of the body is called the pressure drag F D ; pressure- For slender bodies such as airfoils, the 
friction drag is usually more significant. 


7-8C The friction drag coefficient is independent of surface roughness in laminar flow, but is a strong 
function of surface roughness in turbulent flow due to surface roughness elements protruding further into 
the highly viscous laminar sublayer. 
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7-9C As a result of streamlining, (a) friction drag increases, ( b ) pressure drag decreases, and (c) total drag 
decreases at high Reynolds numbers (the general case), but increases at very low Reynolds numbers since 
the friction drag dominates at low Reynolds numbers. 

7-10C At sufficiently high velocities, the fluid stream detaches itself from the surface of the body. This is 
called separation. It is caused by a fluid flowing over a curved surface at a high velocity (or technically, by 
adverse pressure gradient). Separation increases the drag coefficient drastically. 

Flow over Flat Plates 

7-1 1C The friction coefficient represents the resistance to fluid flow over a flat plate. It is proportional to 
the drag force acting on the plate. The drag coefficient for a flat surface is equivalent to the mean friction 
coefficient. 

7-12C The friction and the heat transfer coefficients change with position in laminar flow over a flat plate. 

7-13C The average friction and heat transfer coefficients in flow over a flat plate are determined by 
integrating the local friction and heat transfer coefficients over the entire plate, and then dividing them by 
the length of the plate. 


7-14 Hot engine oil flows over a flat plate. The total drag force and the rate of heat transfer per unit width 
of the plate are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 

Properties The properties of engine oil at the film temperature of (T s + T^)/2 = (80+30)/2 =55 °C are (Table 
A- 13) 


v = 7.045 x 10 5 m 2 /s 


p = 867 kg/m 

k = 0.1414 W/m.°C Pr = 1551 

Analysis Noting that L= 10 m, the Reynolds 
number at the end of the plate is 

VL 


% Oil 

I V = 2.5 m/s 
I T„o = 30°C 


T s = 30°C 


Re L = 


V 


(2.5m/s)(10m) 
7.045 xlO -5 m/s 


L = 10 m 


which is less than the critical Reynolds number. Thus we have laminar flow over the entire plate. The 
average friction coefficient and the drag force per unit width are determined from 


Cf =1.33 Re L 0 ' 5 = 1.33(3. 549x10 s ) -05 =0.002233 


F d ~ C fA s 


pV 


= (0.002233)(10xlm ) 


2 (867 kg/m 3 )(2.5 m/s) 2 


= 60.5 N 


2 2 
Similarly, the average Nusselt number and the heat transfer coefficient are determined using the laminar 
flow relations for a flat plate, 

Nu = — = 0.664 Re 05 Pr l/3 = 0.664(3.549 x 10 s ) as (1551) 1/3 =4579 


, k A _ 0.1414 W/m.°C 2 

h = —Nu = (4579) = 64.75 W/m 2 .°C 

L 10m 

The rate of heat transfer is then determined from Newton's law of cooling to be 

Q = hA s {T x -T s ) = (64.75 W/m 2 .°C)(10xlm 2 )(80-30)°C = 3.24xl0 4 W = 32.4kW 
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7-15 The top surface of a hot block is to be cooled by forced air. The rate of heat transfer is to be 
determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 

Properties The atmospheric pressure in atm is 

1 atm 


P = (83.4 kPa) 


101.325 kPa 


= 0.823 atm 


Air 

-> V = 6 m/s 


For an ideal gas, the thermal conductivity and the Prandtl 
number are independent of pressure, but the kinematic 
viscosity is inversely proportional to the pressure. With these 
considerations, the properties of air at 0.823 atm and at the film 
temperature of (120+30)/2=75°C are (Table A- 15) 

k = 0.02917 W/m.°C 



v = v, 


-5 


-5 


!P a1m = (2.046 xl(T J m /s)/ 0.823 = 2.486x10 m7s 


1 atm ' 1 atm 


Pr = 0.7166 

Analysis (a) If the air flows parallel to the 8 m side, the Reynolds number in this case becomes 


R e L = 


VL (6 m/s)(8 m) 


v 2.486xl0 -5 m 2 /s 


= 1.931x10' 


which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow. 
Using the proper relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate 
are determined to be 

Nu = ^ = (0.037Re L a8 -871)Pr 1/3 = [0.037(1.931xl0 6 ) 0 ' 8 - 87 1](0.7 166) 17 3 =2757 

* = — Nu = 0-02917 W/m.°C (2757) = J() Q5 ^ OQ 
L 8 m 

A s = wL = (2.5 m)(8 m) = 20 m 2 

Q = hA s (T x -T s ) = ( 10.05 W/m 2 .°C )(20 m 2 )( 1 20 - 30) °C = 18,100 W = 18.10kW 
( b ) If the air flows parallel to the 2.5 m side, the Reynolds number is 

R e , = — = (6nl/sX25m) = 6.034X 10 s 


V 


2.486 xl0~ 5 m 2 /s 


which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow. 
Using the proper relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate 
are determined to be 

Nu =^ = (0.037Re L a8 -871)Pr 1/3 = [0.037(6.034 xlO 5 ) 08 - 87 1](0.7 166) 1/3 =615.1 

* = — Nu = 0-0 2917 W/m.°C = ? 17? w/m2 oc 

L 2.5 m 


Q = hA AT -T ) = (7.177 W/m 2 . o C)(20m 2 )(120-30)°C = 12,920 W = 12.92 kW 
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7-16 Wind is blowing parallel to the wall of a house. The rate of heat loss from that wall is to be 
determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 


Properties The properties of air at 1 atm and the 
film temperature of (T s + Tf)/2 = (12+5)/2 = 
8.5°C are (Table A-15) 

k = 0.02428 W/m - °C 
v = 1.413x 10" 5 m 2 /s 
Pr = 0.7340 

Analysis Airflows parallel to the 10 m side : 

The Reynolds number in this case is 


Air 

V = 55 km/h 

= 5°C 

> 

> 

> 

> 

> 


T s = 12°C 


L 

< 


■> 


Re 


L 


VL 

v 


[(55xlQ00/3600)m/s](10m) 
1.413xl0~ 5 m 2 /s 


1.081xl0 7 


which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow. 
Using the proper relation for Nusselt number, heat transfer coefficient and then heat transfer rate are 
determined to be 


Nu = — = (0.037 Re L 0 ' 8 -871)Pr 1/3 =[0.037(1 .08 lxlO 7 ) 0 ' 8 - 87 1](0.7340) 1 73 =1.336xl0 4 

* = —Nu= °- 02428W/m -° C (1 .336 x 10 4 ) = 32.43 W/m 2 .X 
L 10m 


A, = wL = (4m)(10m) = 40m 2 

Q = hA s (T x -T s ) = (32.43 W/m 2 . °C)(40m 2 )(12-5)°C = 9080 W = 9.08 kW 


If the wind velocity is doubled'. 

„ VL [(1 10 x 1000/ 3600) m/s] (10 m) 

Re L = = c j 

v 1.413xl0 -5 m 2 /s 


2.162xl0 7 


which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow. 
Using the proper relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate 
are determined to be 


Nu= — =(0.037Re L as -871)Pr 1/3 = [0.037(2.162xl0 7 ) 0 ' 8 -871](0.7340) 1/3 =2.384xl0 4 

h = - Nu = 0,02428 W/m ' C (2.384 x 10 4 ) = 57.88 W/m 2 ,°C 
L 10m 


Q = hA s (T x -r s ) = (57.88 W/m 2 . °C)(40m 2 )( 12-5 )°C =16,210 W = 16.21 kW 
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7-17 EES Prob. 7-16 is reconsidered. The effects of wind velocity and outside air temperature on the rate 
of heat loss from the wall by convection are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

Vel=55 [km/h] 
height=4 [m] 

L=1 0 [m] 

T_infinity=5 [C] 

T_s=1 2 [C] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=101.3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 

T_f i I m= 1 /2*(T_s+T _i nf i n ity) 

"ANALYSIS" 

Re=(Vel*Convert(km/h, m/s)*L)/nu 

"We use combined laminar and turbulent flow relation for Nusselt number" 

Nusselt=(0. 037*Re A 0. 8-871 )*Pr A (1/3) 

h=k/L*Nusselt 

A=height*L 

Q_dot_conv=h*A*(T_s-TJnfinity) 


Vel [km/h] 

Qconv [W] 

10 

1924 

15 

2866 

20 

3746 

25 

4583 

30 

5386 

35 

6163 

40 

6918 

45 

7655 

50 

8375 

55 

9081 

60 

9774 

65 

10455 

70 

11126 

75 

11788 

80 

12441 


To, [C] 

Qconv [W] 

0 

15658 

0.5 

14997 

1 

14336 

1.5 

13677 

2 

13018 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


AUOOjr, r».l AUOO 


7-6 


2.5 

12360 

3 

11702 

3.5 

11046 

4 

10390 

4.5 

9735 

5 

9081 

5.5 

8427 

6 

7774 

6.5 

7122 

7 

6471 

7.5 

5821 

8 

5171 

8.5 

4522 

9 

3874 

9.5 

3226 

10 

2579 




T [C] 

00 
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7-18E Air flows over a flat plate. The local friction and heat transfer coefficients at intervals of 1 ft are to 
be determined and plotted against the distance from the leading edge. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 


Properties The properties of air at 1 atm and 60°F are (Table A-15E) 
k = 0.01433 Btu/h.ft.°F 

v = 0.1588xl0" 3 ft 2 /s 
Pr = 0.7321 

Analysis For the first 1 ft interval, the Reynolds number is 


VL _ (7 ft/s)( 1 ft) 

V 0.1588xlCT 3 ft 2 /s 


4.408 xlO 4 


Air 

I V = 7 ft/s 
t T x = 60°F 

> 


L= 10 ft 

< > 


which is less than the critical value of 5 x 10 5 . Therefore, the flow is laminar. The local Nusselt number is 

Nu x = — = 0.332 Re v 0 ' 5 Pr 1/3 = 0.332(4.408xl0 4 ) a5 (0.7321) 1/3 =62.82 
k 


The local heat transfer and friction coefficients are 


h x = — Nu = 
x 


0.01433 Btu/h.ft.°F 
lft 


(62.82) = 0.9002 Btu/h.ft 2 .°F 



0.664 

Re 05 


0.664 

(4.408 xlO 4 ) 05 


0.00316 


We repeat calculations for all 1-ft intervals. The results are 


X [ft] 

h x 

[Btu/h.ft 2 .F 

] 

C,,x 

1 

0.9005 

0.003162 

2 

0.6367 

0.002236 

3 

0.5199 

0.001826 

4 

0.4502 

0.001581 

5 

0.4027 

0.001414 

6 

0.3676 

0.001291 

7 

0.3404 

0.001195 

8 

0.3184 

0.001118 

9 

0.3002 

0.001054 

10 

0.2848 

0.001 



X [ft] 
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7-19E EES Prob. 7-18E is reconsidered. The local friction and heat transfer coefficients along the plate are 
to be plotted against the distance from the leading edge. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_air=60 [F] 
x=10 [ft] 

Vel=7 [ft/s] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_air) 

Pr=Prandtl(Fluid$, T=T_air) 
rho=Density(Fluid$, T=T_air, P=14.7) 
mu=Viscosity(Fluid$, T=T_air)*Convert(lbm/ft-h, Ibm/ft-s) 
nu=mu/rho 

"ANALYSIS" 

Re_x=(Vel*x)/nu 

"Reynolds number is calculated to be smaller than the critical Re number. The flow is 
laminar." 

Nusselt_x=0.332*Re_x A 0.5*Pr A (1/3) 
h_x=k/x*Nusselt_x 
C f x=0. 664/Re x A 0.5 


X [ft] 

h s 

[Btu/h.ft 2 .F 

1 

Cf, x 

0.1 

2.848 

0.01 

0.2 

2.014 

0.007071 

0.3 

1.644 

0.005774 

0.4 

1.424 

0.005 

0.5 

1.273 

0.004472 

0.6 

1.163 

0.004083 

0.7 

1.076 

0.00378 

0.8 

1.007 

0.003536 

0.9 

0.9492 

0.003333 

1 

0.9005 

0.003162 







9.1 

0.2985 

0.001048 

9.2 

0.2969 

0.001043 

9.3 

0.2953 

0.001037 

9.4 

0.2937 

0.001031 

9.5 

0.2922 

0.001026 

9.6 

0.2906 

0.001021 

9.7 

0.2891 

0.001015 

9.8 

0.2877 

0.00101 

9.9 

0.2862 

0.001005 

10 

0.2848 

0.001 
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7-20 Air flows over the top and bottom surfaces of a thin, square plate. The flow regime and the total heat 
transfer rate are to be determined and the average gradients of the velocity and temperature at the surface 
are to be estimated. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 

Properties The properties of air at the film temperature of (T s + T^)/2 = (54+10)/2 = 32°C are (Table A- 15) 


p = 1.156 kg/m 3 v = 1.627 xlO 5 m ? /s 

c p = 1007 J/kg.°C Pr = 0.7276 
k = 0.02603 W/m.°C 


Analysis (a) The Reynolds number is 

Re W.. (60 m/s)(0.5 m) , 1844xl0 6 
V 1.627 X 10‘ 5 m 2 /s 

which is greater than the critical Reynolds number. 
Thus we have turbulent flow at the end of the plate. 


Air 

V = 60 m/s 
7W0°C 


T s = 54°C 


-> 


-> 


% 




L = 0.5 


(b) We use modified Reynolds analogy to determine the heat transfer coefficient and the rate of heat 
transfer 


T 


s 


F_ 

A 


1.5 N 
2(0.5 m) 2 


= 3 N/m 2 




3 N/m 


0.5 pV 2 0.5(1. 156 kg/m 3 )(60 m/s) 2 


= 1.442 x 10 


-3 


c 


2 


1 = St Pr 2/3 


Nu 


Re L Pr 


L p r 2/3 


Nu 


L 


Re L Pr 


1/3 


Nu = Re L Pr 1/3 = (1.844xl0 6 )(0.7276) 1/3 ( L442xlQ _. ) = x 196 


2 


2 


h = - Nu = Q - 02603 w / m - ° c (1 196) = 62 26 W/m 2 .°C 
L 0.5 m 

Q = hA s (T s -T^) = (62.26 W/m 2 .°C)[2 x (0.5 m) 2 ](54 - 10)°C = 1370 W 

(c) Assuming a uniform distribution of heat transfer and drag parameters over the plate, the average 
gradients of the velocity and temperature at the surface are determined to be 


t s =M 


du 


du 


- k 


dy 

dT 


dy 


3 N/m 


5 _-1 


0 pv (1.156 kg/m 3 )(l. 627 xl0~ 5 m 2 /s) 


= 1.60x10 s 


h = 


dy 


dT 


T -T 

S CO 


dy 


-h(T s -T k ) (62.26 W/m 2 •°C)(54-10)°C 
k ~ 0.02603 W/m -°C 


1.05 x10 5o C/m 
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7-21 Water flows over a large plate. The rate of heat transfer per unit width of the plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 

Properties The properties of water at the film temperature of (T s + T CX) )I2 = (10+43.3)/2 = 27°C are (Table 
A-9) 


p = 996.6 kg/m 3 
k = 0.610 W/m.°C 

p = 0.854 x 1CT 3 kg//m • s 
Pr = 5.85 


Water 
V =30 cm/s 
r 00 =43.3°C 


Analysis (a) The Reynolds number is 

Re VLp (0.3 m/s)(1.0m)(996.6 kg/m 3 ) 
L H 0.854xl0~ 3 m 2 /s 


3.501 xlO 5 


> 

-> 

> 

> 



10°C 


<■ 


L - 1 m 

> 


which is smaller than the critical Reynolds number. Thus we have laminar flow for the entire plate. The 
Nusselt number and the heat transfer coefficient are 


Nu = 0.664 Re L 1/2 Pr 1/3 = 0.664(3.501xl0 s ) 1/2 (5.85) 1/3 =707.9 

h = - Nu = 0,610 W/m ' C (707.9) = 431.8 W/m 2 .°C 
L 1.0m 


Then the rate of heat transfer per unit width of the plate is determined to be 

Q = hA s (T s -TJ = (431.8 W/m 2 .°C)(l m)(l m)](43.3 -10)°C = 14,400 W 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




7-11 


7-22 Mercury flows over a flat plate that is maintained at a specified temperature. The rate of heat transfer 
from the entire plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Atmospheric pressure is taken 1 atm. 


Properties The properties of mercury at the film temperature of (75+25)/2=50°C are (Table A- 14) 


k = 8.83632 W/m.°C 

v = 1.056x10 7 m 2 /s 
Pr = 0.0223 

Analysis The local Nusselt number relation for 
liquid metals is given by Eq. 7-25 to be 

Nu x = — = 0.565(Re ( Pr) 1/2 
k 


Mercury 



The average heat transfer coefficient for the entire surface can be determined from 

1 r L 

h- — h Y dx 
L Jo 

Substituting the local Nusselt number relation into the above equation and performing the integration we 
obtain 


Nu = 1.13(Re L Pr) 
The Reynolds number is 
VL 


1/2 


Re L = 


(0.8 m/s)(3 m) , 


V 


1.056xl(T 7 m 2 /s 


Using the relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate are 
determined to be 


Nu = — = 1.13(Re L Pr) 1/2 = 1 . 13[(2.273 x 10 7 )(0.0223)] 1/2 =804.5 

h = — Nu = 8 - 83632W/m - C (804.5) = 2369 W/m 2 .°C 
L 3m 


A = wL = (2 m)(3 m) = 6 m 2 

Q = hA(T s -T^) = (2369 W/m 2 .°C)(6m 2 )(75-25)°C = 710,800 W = 710.8kW 
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7-23 Ambient air flows over parallel plates of a solar collector that is maintained at a specified temperature. 
The rates of convection heat transfer from the first and third plate are to be determined. 

Assumptions 1 Steady operating conditions 
exist. 2 The critical Reynolds number is 
Re cr = 5xl0 5 . 3 Radiation effects are 
negligible. 4 Atmospheric pressure is taken 
1 atm. 

Properties The properties of air at the film 
temperature of (15+10)/2=12.5°C are 
(Table A- 15) 

k = 0.02458 W/m.°C 


v = 1.448 xlO’ 5 m 2 /s 
Pr = 0.7330 

Analysis (a) The critical length of the 
plate is first determined to be 



*cr = 


Re v (5 x 10 5 )(1 .448 x 1CT 5 m 2 /s) 


= 3.62 m 


V 2 m/s 

Therefore, both plates are under laminar flow. The Reynolds number for the first plate is 


= 


VL\ 


V 


(2m/s)(lm) 
1.448xl0" 5 m 2 /s 


= 1.381x10 


Using the relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate are 
determined to be 

Nuj = 0.664 Re/ /2 Pr 1/3 = 0.664(1.381xl0 5 ) 1/2 (0.7330) 1/3 =222.5 
hl =±Nu = °-° 2458 W/m -° C (222.5) = 5.47 W/m 2 .°C 


L, 


lm 


A = wL = (4 m)( 1 m) = 4 m 2 

Q = hA(T s - T „ ) = (5 .47 W/m 2 .°C)(4 m 2 )( 1 5 - 1 0)°C = 1 09 W 
(b) Repeating the calculations for the second and third plates, 

VL 2 


Then 


Re 2 = 


(2 m/s)(2 m) 5 

= 2.762x10 


v 


1.448xl(T 5 m 2 /s 

1/2 r».. 1/3 


Nu ? = 0.664 Re/' z Pr w J = 0.664(2.762xl0 5 ) 1/2 (0.7330) 1/ J =314.7 


1/3 


h 2 - 


L, 


Nu = 


Re 3 = 


VL 


v 


0.02458 W/m.°C 
2 m 

(2 m/s)(3 m) 
1.448 xlCT 5 m 2 /s 


(314.7) =3.87 W/m 2 .°C 


= 4.144xl0 : 


Nu 3 = 0.664 Re 3 1/2 Pr 1/3 = 0.664(4.144xl0 5 ) 1/2 (0.7330) I/3 =385.4 


h 3 = 


Nil = 


0.02458 W/m.°C 


(385.4) = 3. 16 W/m 2 . °C 


L 3 3 m 


^ 2-3 _ 


h 3 L 3 h 2 L 2 
L 3 - l 2 


3.16x3-3.87x2 

3-2 


= 1.74 W/m 2 .°C 


The rate of heat loss from the third plate is 

Q = M(T -T) = (1.74 W/m 2 .°C)(4 m 2 )(15 -10)°C = 34.8 W 
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7-24 A car travels at a velocity of 80 km/h. The rate of heat transfer from the bottom surface of the hot 
automotive engine block is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 Air is 
an ideal gas with constant properties. 4 The flow is turbulent over the entire surface because of the constant 
agitation of the engine block. 


Properties The properties of air at 1 atm and the film 
temperature of (T s + T x )/2 = (100+20)/2 =60°C are (Table A- 15) 

k = 0.02808 W/m.°C 

v = 1.896x10 5 m 2 /s > 

Pr = 0.7202 

Analysis Air flows parallel to the 0.4 m side. The 
Reynolds number in this case is 



roo=20°C £= 0.95 


Re 


L 


V„L 


[(80x1000 / 3600) m/s] (0.8 m) 
1.896xl0~ 5 m 2 /s 


= 9.376xl0 5 


which is greater than the critical Reynolds number and thus the flow is laminar + turbulent. But the flow is 
assumed to be turbulent over the entire surface because of the constant agitation of the engine block. Using 
the proper relations, the Nusselt number, the heat transfer coefficient, and the heat transfer rate are 
determined to be 


Nu = — = 0.037 Re L 0 - 8 Pr 1/3 = 0.037(9.376 xlO 5 ) 0 ' 8 (0.7202) 1/3 = 1988 

* =*Nu = 0-02808 W/m.°C 8 = ^ ?g ^2.^ 

L 0.8 m 


A s =wL = (0.8 m)(0.4m) = 0.32 m 2 

Q com , = hA s (T rf . -T s ) = (69.7 8 W/m 2 .°C)(0.32 m 2 )( 1 00 - 20)°C = 1786 W 
The radiation heat transfer from the same surface is 

Qrad = SA S (J( T S A - T surr 4 ) 

= (0.95)(0.32 m 2 )(5.67 x 10‘ 8 W/m 2 ,K 4 )[( 100+ 273 K) 4 - (25 + 273K) 4 ] = 198 W 
Then the total rate of heat transfer from that surface becomes 
Q,o,ai = Qcom, + Q rad = (1786 + 198 JW = 1984 W 
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7-25 Air flows on both sides of a continuous sheet of plastic. The rate of heat transfer from the plastic sheet 
is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 


Properties The properties of air at 1 atm and the film temperature of 
(T s + r^/ 2 = (90+30)/2 =60°C are (Table A- 15) 

p = 1.059 kg/m 3 


Air 

V = 3 m/s 


^ = 30°C 
/ / / / / 


k = 0.02808 W/m.°C 
v = 1.896xl0‘ 5 m 2 /s 
Pr = 0.7202 

Analysis The width of the cooling section 
is first determined from 

W=VAt = [(15 / 60) m/s](2 s) = 0.5 m 
The Reynolds number is 

Re ^ = 1.899xl0 5 

V 1.896xl0 -5 m 2 /s 



* 


15 m/m in 


Plastic sheet 
T s = 90°C 



which is less than the critical Reynolds number. Thus the flow is laminar. Using the proper relation in 
laminar flow for Nusselt number, the average heat transfer coefficient and the heat transfer rate are 
determined to be 


Nu = — = 0.664 Re L °' 5 Pr 1/3 = 
k 

, k Ar 0.02808 W/m.°C 

h = —Nu = 

L 1.2 m 


= 0.664(1 .899 x 10 5 ) 05 (0.7202) 
(259.3) = 6.07 W/m 2 .°C 


1/3 


259.3 


A s = 2LW = 2(1 .2 m)(0.5 m) = 1 .2 m 2 
Q conv = hA s (T * -T s ) = (6.07 W/m 2 .°C)( 1 .2 m 2 )(90 - 30)°C = 437 W 
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7-26 The top surface of the passenger car of a train in motion is absorbing solar radiation. The equilibrium 
temperature of the top surface is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation heat exchange with the surroundings is negligible. 4 Air is an ideal gas with constant properties. 


Properties The properties of air at 30°C are (Table A- 15) 
k = 0.02588 W/m.°C 

v = 1.608x 10" 5 m 2 /s 
Pr = 0.7282 


Analysis The rate of convection heat transfer from the top 
surface of the car to the air must be equal to the solar radiation 
absorbed by the same surface in order to reach steady 
operation conditions. The Reynolds number is 


Re 


L 


VL 

v 


[70x1000/3600) m/s] (8 m) 
1.608xlCT 5 m 2 /s 


= 9.674 xlO 6 


Air 

V = 70 km/h 
T* = 30°C 


200 W/nr 



which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow. 
Using the proper relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate 
are determined to be 


Nu = — = (0.037 Re L °' 8 -871)Pr 1/3 = [0.037(9.674 xlO 6 ) 0 ' 8 -871](0.7282) 1/3 = 1.212xl0 4 

h = k - N u = °-° 2588 W/m -° C (1.212X1Q 4 ) = 39.21 W/m 2 .°C 
L 8m 


The equilibrium temperature of the top surface is then determined by taking convection and radiation heat 
fluxes to be equal to each other 


Vrad = <7 conv 


h(T s -T 0 0 ) >T S = T X 


4 conv _ 3 Qo C| 200 W/m 2 
h 39.21 W/m 2 . °C 


35.1°C 
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7-27 EES Prob. 7-26 is reconsidered. The effects of the train velocity and the rate of absorption of solar 
radiation on the equilibrium temperature of the top surface of the car are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

Vel=70 [km/h] 
w=2.8 [m] 

L=8[m] 

q_dot_rad=200 [W/m A 2] 

T_infinity=30 [C] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=101.3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 

T_film=1/2*(T_s+T_infinity) 

"ANALYSIS" 

Re=(Vel*Convert(km/h, m/s)*L)/nu 

"Reynolds number is greater than the critical Reynolds number. We use combined laminar 
and turbulent flow relation for Nusselt number" 

Nusselt=(0. 037*Re A 0. 8-871 )*Pr A (1/3) 
h=k/L*Nusselt 

q_dot_conv=h*(T_s-T_infinity) 

q_dot_conv=q_dot_rad 


Vel [km/h] 

T s [C] 

10 

64.01 

15 

51.44 

20 

45.99 

25 

42.89 

30 

40.86 

35 

39.43 

40 

38.36 

45 

37.53 

50 

36.86 

55 

36.32 

60 

35.86 

65 

35.47 

70 

35.13 

75 

34.83 

80 

34.58 

85 

34.35 

90 

34.14 

95 

33.96 

100 

33.79 

105 

33.64 

110 

33.5 

115 

33.37 

120 

33.25 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 

















































7-18 


7-28 A circuit board is cooled by air. The surface temperatures of the electronic components at the leading 
edge and the end of the board are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Any heat transfer from the back surface of the board is disregarded. 5 
Air is an ideal gas with constant properties. 

Properties Assuming the film temperature to be approximately 35 °C, the properties of air are evaluated at 
this temperature to be (Table A- 15) 

k = 0.0265 W/m.°C 


v = 1.655x 10" 5 m 2 /s 
Pr = 0.7268 


Analysis (a) The convection heat transfer 
coefficient at the leading edge approaches infinity, 
and thus the surface temperature there must 
approach the air temperature, which is 20°C. 

( b ) The Reynolds number is 



v 


(6m/sK0.15m> =5438xl0 . 
1.655 xl0~ 5 m 2 /s 


Circuit board 
20 W 



7TTT7TTT7T7TTTT3T7T3T. 

***************** 

15 cm 


which is less than the critical Reynolds number but we assume the flow to be turbulent since the electronic 
components are expected to act as turbulators. Using the Nusselt number uniform heat flux, the local heat 
transfer coefficient at the end of the board is determined to be 


Nu x = 


h v x 


= 0.0308 Re r 0 ' 8 Pr 1/3 = 0.0308(5.438xl0 4 ) a8 (0.7268) 1/3 =170.1 


h x = — Nu x = °- 02625 W/m - C (170.1) = 29.77 W/m 2 .°C 
x 0.15m 

Then the surface temperature at the end of the board becomes 


q = h A T s- T J 


= 20°C + (20W)/( °- 15mr = 49.9°C 


h 


29.77 W/m 2 .°C 


Discussion The heat flux can also be determined approximately using the relation for isothermal surfaces, 
Nu, = — = 0.0296 Re, 0B Pr 1/3 = 0.0296(5.438xl0 4 )°' B (0.7268) i/3 =163.5 


K ,0.02625W/m.-C 3 8 ^ lw/m e^ 


X ' X 

X 


0.15 m 

Then the surface temperature at the end of the board becomes 


q = h x (T s ~TJ > T s =T co + -j— = 20°C + 


q (20 W)/(0.15 m) 


28.61 W/m 2 . °C 


= 51.1°C 


Note that the two results are close to each other. 
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7-29 Laminar flow of a fluid over a flat plate is considered. The change in the drag force and the rate of 
heat transfer are to be determined when the free-stream velocity of the fluid is doubled. 

Analysis For the laminar flow of a fluid over a flat plate maintained at a constant temperature the drag 
force is given by 

2 


D 1 

Therefore 


F m — Cf A s 


p >v 

2 


where Cj = 


1.33 


Re 


0.5 


-> 

I v 


A ^ 


Dl Re 0 ' 5 2 


Substituting Reynolds number relation, we get 

2 .. 0.5 

i.jj ^ pv 

D 1 


L 


F„, = L33 4 = 0.664V 3 ' 2 A, - 


'VZ2 0 - 5 


2 


* L 0 ' 5 


v v J 


When the free-stream velocity of the fluid is doubled, the new value of the drag force on the plate becomes 

2 0.5 


F D2 ~ 


133 A.e^—0A(A{2V)^A V 


r {2 V)L a °‘ 5 


v v j 


s L 0 - 5 


The ratio of drag forces corresponding to V and 2V is 


F D 2 (2V) 312 


, 3/2 


F v 312 

r D 2 V 


We repeat similar calculations for heat transfer rate ratio corresponding to V and 2 V 
Qi = hA s (T s -T x ) = 


(k > 



( k ) 

-Nu 

4 (T s 

-T ) = 

x oo / 


U J 





0.664 Re 05 Pr 1/3 \A..(T s -7L) 


= -0.664' 
L 


fy^O .5 


Pr 1/3 A (T -T ) 


V V J 


= °- 664y 05 -jppj- Pr ‘ /3 A ( L - } 


When the free-stream velocity of the fluid is doubled, the new value of the heat transfer rate between the 
fluid and the plate becomes 


0 2 = 0.664(2V) 
Then the ratio is 


0.5 


L°V ' 5 


Pr 1/3 A (T —T ) 


02_ _ (2V)_ _ 2 o.5 _ ^ 
Qx V 0 - 5 
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7-30E A refrigeration truck is traveling at 55 mph. The average temperature of the outer surface of the 
refrigeration compartment of the truck is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 5 The local atmospheric 
pressure is 1 atm. 

Properties Assuming the film temperature to be 
approximately 80°F, the properties of air at this 
temperature and 1 atm are (Table A-15E) 

k = 0.01481 Btu/h.ft.°F 

v = 1.697 xlO -4 ft 2 /s 
Pr = 0.7290 

Analysis The Reynolds number is 

„ VL [55 x 5280/3600) ft/s](20 ft) n CA ^ 1a6 
v 1.697 xHT 4 ft 2 /s 


Air 

V = 55 mph 
T rr = 80°F 


Refrigeration 

truck 



We assume the air flow over the entire outer surface to be turbulent. Therefore using the proper relation in 
turbulent flow for Nusselt number, the average heat transfer coefficient is determined to be 


Nu = = 0.037 Re L °' 8 Pr 1/3 =0.037(9.507xl0 6 ) a8 (0.7290) 1/3 =1.273xl0 4 

h = — Nu = °- 01481Btu/h - ft - F (i .273 x 10 4 ) = 9.428 Btu/h.ft 2 ,°F 
L 20 ft 


Since the refrigeration system is operated at half the capacity, we will take half of the heat removal rate 



(600 x 60) Btu/h 
2 


= 18,000 Btu/h 


The total heat transfer surface area and the average surface temperature of the refrigeration compartment of 
the truck are determined from 


A = 2[( 20 ft) (9 ft) + (20 ft)(8 ft) + (9 ft)(8 ft)] = 824 ft 2 


Q 


hA s ( T oo - T s ) > T s = Too 


Q _ g 0 o F 18,000 Btu/h 

hA s (9.428 Btu/h.ft 2 .°F)(824 ft 2 ) 


77.7°F 
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7-31 Solar radiation is incident on the glass cover of a solar collector. The total rate of heat loss from the 
collector, the collector efficiency, and the temperature rise of water as it flows through the collector are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 Heat 
exchange on the back surface of the absorber plate is negligible. 4 Air is an ideal gas with constant 
properties. 5 The local atmospheric pressure is 1 atm. 

Properties The properties of air at the film temperature of 
(35 + 25)/2 = 30°C are (Table A- 15) 


k = 0.02588 W/m.°C 
v = 1.608xl0" 5 m 2 /s 
Pr = 0.7282 

Analysis ( a ) Assuming wind flows across 2 m surface, 
the Reynolds number is determined from 


V=30 km/h 
= 25°C 

> 


r sky = -40°c 


700 W/nr 


///// 


Solar radiation 
T s = 35°C 


R e L = 


VL (30 x 1000/ 3600 m/s)(2m) 


V 


1.608xl0~ 5 m 2 /s 


= 1.036x10' 


L = 2 m 


which is greater than the critical Reynolds number. Using the Nusselt number relation for combined 
laminar and turbulent flow, the average heat transfer coefficient is determined to be 

hL 


Nu = — = (0.037 Re 0 ' 8 - 871) Pr 10 = [0.037(1 .036 x 10° ) u ' 6 -871](0.7282) 1,J = 1378 

h = -Nu= a ° 2588W/m -° C (1 378) = 17.83 W/m 2 ,°C 
L 2 m 

Then the rate of heat loss from the collector by convection is 

Q conv = hA s (T x -T,) = (17.83 W/m 2 . °C)(2x 1.2 m 2 )(35-25)°C = 427.9 W 
The rate of heat loss from the collector by radiation is 


1/3 


6x0.8 


1/3 


4 


4 


Qrad = ^s <J ( T s - T surr ) 

= (0.901(2 x 1 .2 m 2 )(5.67 x 10~ 8 W/m 2 ,°C)[( 
= 741.2 W 


35 + 273 K) 4 - (-40 + 273 K) 4 


and 

Qrotal = Qconv + Qrad = 427.9 + 741.2 = 1 1 69 W 
( b ) The net rate of heat transferred to the water is 

Qnet ~ Qin ~ Qout ~ ^A^ ~ Qout 

= (0.88)(2 x 1 .2 m 2 )(700 W/m 2 ) - 1 169 W 
= 1478 - 1169 = 309 W 


7 collector 


Q 


net 


309 W 


= 0.209 


0 1478 W 

^-in 

(c) The temperature rise of water as it flows through the collector is 

Qnet 309.4 W 


Qnet = rhCpAT > AT = 


mc p (1/60 kg/s)(4180 J/kg.°C) 


= 4.44°C 
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7-32 A fan blows air parallel to the passages between the fins of a heat sink attached to a transformer. The 
minimum free-stream velocity that the fan should provide to avoid overheating is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 The fins and the base plate are nearly isothermal (fin efficiency is equal 
to 1) 5 Air is an ideal gas with constant properties. 6 The local atmospheric pressure is 1 atm. 


Properties The properties of air at 1 atm and the film 
temperature of (T s + T n )/2 = (60+25 )/2 = 42.5 °C are (Table A- 
15) 

k= 0.02681 W/m.°C 

v = 1.726xl0" 5 m 2 /s 
Pr = 0.7248 

Analysis The total heat transfer surface area for this 
finned surface is 

4,finned = (2 x 7 )(0. 1 m)( 0.005 m) = 0.007 m 2 
A s unfinned = (0.1 m)(0.062 m) - 7 X (0.002 m)(0. 1 m) = 0.0048 m 



4, total = 4, finned + 4, unfinned = 0-007 m + 0.0048 ITT = 0.01 18 m 


The convection heat transfer coefficient can be determined from Newton's law of cooling relation for a 
finned surface. 


Q = r 1 hA s a„-T s ) 


Q 12 w 

» h = = 

ijA s (Tn-TJ ( 1)(0.01 1 8 m 2 )(60 - 25)°C 


= 29.06 W/m 2 .°C 


Starting from heat transfer coefficient, Nusselt number, Reynolds number and finally free-stream velocity 
will be determined. We assume the flow is laminar over the entire finned surface of the transformer. 


hL (29.06 W/m 2 .°C)(0.1m) 

Nu = — = 

k 0.02681 W/m.°C 

Nu =0.664 Re L 05 Pr 1/3 >Re L 


108.4 

Nu 2 

0.664 2 Pr 2/3 


(108. 4) 2 

(0.664) 2 (0.7248) 2/3 


3.302xl0 4 


Re 


L 


VL 

v 


>V 


Re L v (3.302xl0 4 )(1.726xl0“ 5 m 2 /s) _ . 

— — = = 5.70 m/s 

L 0.1 m 
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7-33 A fan blows air parallel to the passages between the fins of a heat sink attached to a transformer. The 
minimum free-stream velocity that the fan should provide to avoid overheating is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 The 
fins and the base plate are nearly isothermal (fin efficiency is equal to 1) 4 Air is an ideal gas with constant 
properties. 5 The local atmospheric pressure is 1 atm. 


Properties The properties of air at the film temperature of 
(T s + rj/2 = (60+25 )/2 = 42.5°C are (Table A-15) 

k = 0.02681 W/m.°C 

v = 1.726xl0~ 5 m 2 /s 
Pr = 0.7248 

Analysis We first need to determine radiation heat transfer 
rate. Note that we will use the base area and we assume the 
temperature of the surrounding surfaces are at the same 
temperature with the air ( T surr =25°C ) 



Q r ad =M s a(r J 4 -r wr 4 ) 

= (0.90) [(0. 1 m)(0.062 m)](5 .67 x 1 0 ~ 8 W/m 2 ,°C) [(60 + 273 K) 4 - (25 + 273 K) 4 ] 

= 1.4 W 

The heat transfer rate by convection will be 1.4 W less than total rate of heat transfer from the transformer. 
Therefore 


<2conv = Gtotal -Grad =12-1-4 = 10.6 W 

The total heat transfer surface area for this finned surface is 

As, finned = (2x7)(0.1 m)(0.005 m) = 0.007 m 2 

A s unfinned = (0.1 m)(0.062 m) - 7 x (0.002 m)(0. 1 m) = 0.0048 m 2 

A, total = At, finned + A, unfinned = 0-00 7 + O-OO^ 1+ = 0.01 18 1+ 

The convection heat transfer coefficient can be determined from Newton's law of cooling relation for a 
finned surface. 


Gconv = nh A (A - t s ) > h = 


Q 


conv 


10.6 W 


rjA s (T^ -T s ) (1)(0.01 18 m 2 )(60- 25)°C 


= 25.67 W/m 2 . °C 


Starting from heat transfer coefficient, Nusselt number, Reynolds number and finally free-stream velocity 
will be determined. We assume the flow is laminar over the entire finned surface of the transformer. 


A7 hL (25.67 W/m 2 . °C)(0.1m) 

Nu = — = 

k 0.02681 W/m.°C 

Nu = 0.664 Re L 05 Pr 1/3 » Re L 


95.73 

Nu 2 

0.664 2 Pr 2/3 


(95.73) 2 

(0.664) 2 (0.7248) 2/3 


2.576xl0 4 


Re 


L 


VL T7 Re L v 
= — — 

v L 


(2.576x10 4 )(1.726x10 -5 

0.1m 


m 2 /s) 


= 4.45 m/s 
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7-24 


7-34 Air is blown over an aluminum plate mounted on an array of power transistors. The number of 
transistors that can be placed on this plate is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible 4 Heat transfer from the back side of the plate is negligible. 5 Air is an 
ideal gas with constant properties. 6 The local atmospheric pressure is 1 atm. 


Properties The properties of air at the film temperature of 
(T s + rj/2 = (65+35)/2 = 50°C are (Table A- 15) 

k = 0.02735 W/m.°C 

v = 1.798x 10" 5 m 2 /s 
Pr = 0.7228 

Analysis The Reynolds number is 


Re 


L 


YL 

V 


(4 m/s)(0.25 m) cc/cia 

55,617 

1.798xl0 -5 m 2 /s 



which is less than the critical Reynolds number. Thus the flow is laminar. Using the proper relation in 
laminar flow for Nusselt number, heat transfer coefficient and the heat transfer rate are determined to be 


Nu = = 0.664 Re L °' 5 Pr 1/3 = 

k L 

, k Ar 0.02735 W/m.°C 

h = —Nu = 

L 0.25 m 


= 0.664(55,617)°' 5 (0.7228) 
(140.5) = 15.37 W/m 2 .°C 


1/3 


140.5 


A s =wL = (0.25 m)(0.25 m) = 0.0625 m 2 

Q conv = hA s (T^ ~T S ) = (15.37 W/m 2 .°C)(0.0625 m 2 )(65-35)°C = 28.83 W 

Considering that each transistor dissipates 6 W of power, the number of transistors that can be placed on 
this plate becomes 

28.8 W , o 
n = = 4.8 >4 

6 W 


This result is conservative since the transistors will cause the flow to be turbulent, and the rate of heat 
transfer to be higher. 
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7-25 


7-35 Air is blown over an aluminum plate mounted on an array of power transistors. The number of 
transistors that can be placed on this plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible 4 Heat transfer from the backside of the plate is negligible. 5 Air is an ideal 
gas with constant properties. 6 The local atmospheric pressure is 1 atm. 


Properties The properties of air at 1 atm and the film temperature of ( T s + 7T)/2 = (65+35)/2 = 50°C are 
(Table A- 15) 

k = 0.02735 W/m.°C 


v = 1.798x 10" 5 m 2 /s 
Pr = 0.7228 

Note that the atmospheric pressure will only affect the 
kinematic viscosity. The atmospheric pressure in atm is 

P = (83.4 kPa) - — = 0.823 atm 

101.325 kPa 



The kinematic viscosity at this atmospheric pressure will be 
v = (1.798xl0 -5 m 2 /s )/0.823 = 2.184xl(r 5 m 2 /s 


L = 25 cm 

< > 


Analysis The Reynolds number is 


Re 


L 


VL_ 

v 


(4 m/s)(0.25m) 
2.184x 10 -5 m 2 /s 


= 4.579 xlO 4 


which is less than the critical Reynolds number. Thus the flow is laminar. Using the proper relation in 
laminar flow for Nusselt number, the average heat transfer coefficient and the heat transfer rate are 
determined to be 


Nu=— - = 0.664 Re L 05 Pr 1/3 = 
k 

, k AT 0.02735 W/m.°C 

h = —Nu= 

L 0.25 m 


= 0.664(4.579xl0 4 ) 0 ' 5 (0.7228) 
(127.5) = 13.95 W/m 2 .°C 


1/3 


127.5 


A s - wL = (0.25 m)(0.25 m) = 0.0625 m 2 

2 conv = hA s (T ao -T s ) = (13.95 W/m 2 .°C)(0.0625 m 2 )(65 - 35)°C = 26.2 W 

Considering that each transistor dissipates 6 W of power, the number of transistors that can be placed on 
this plate becomes 

26.2 W . . 

n = = 4.4 > 4 

6 W 


This result is conservative since the transistors will cause the flow to be turbulent, and the rate of heat 
transfer to be higher. 
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7-26 


7-36 Air is flowing over a long flat plate with a specified velocity. The distance from the leading edge of 
the plate where the flow becomes turbulent, and the thickness of the boundary layer at that location are to 
be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Air is an ideal gas. 4 The surface of the plate is smooth. 

Properties The density and kinematic viscosity of air at 1 atm and 25 °C are p = 1.184 kg/m and v = 
1.562xl(T 5 m 2 /s (Table A- 15). 

Analysis The distance from the leading edge of the plate where the flow becomes turbulent is the distance 
x cr where the Reynolds number becomes equal to the critical Reynolds number, 


Re.. = 


VT 


cr 


cr 


-> 


X cr = 


V 

v Re 
V 


cr 


(1.562xlQ~ 5 m 2 /s)(5xlQ 5 ) 
8 m/s 


= 0.976 m 


The thickness of the boundary layer at that location is obtained 
by substituting this value of x into the laminar boundary layer 
thickness relation, 




5x 

Re 1 / 2 



5x 


cr 


Re 


1/2 

cr 


5(0.976 m) 
(5 x10 5 ) 1/2 


= 0.006903 m = 0.69 cm 


Discussion When the flow becomes turbulent, the boundary layer thickness starts to increase, and the value 
of its thickness can be determined from the boundary layer thickness relation for turbulent flow. 


7-37 Water is flowing over a long flat plate with a specified velocity. The distance from the leading edge 
of the plate where the flow becomes turbulent, and the thickness of the boundary layer at that location are 
to be determined. 


Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
The surface of the plate is smooth. 

Properties The density and dynamic viscosity of water at 1 atm and 25 °C are p = 997 kg/nr and p = 
0.891xl0“ 3 kg/m-s (Table A-9). 


Analysis The distance from the leading edge of the plate where the 
flow becomes turbulent is the distance v cr where the Reynolds 
number becomes equal to the critical Reynolds number, 


Re 


cr 


X 


cr 


PVXcr 

P 


P Rc ,T 
pV 


(0.891xlQ~ 3 kg/m -s)(5x 10 s ) 
(997 kg/m 3 )(8 m/s) 


= 0.056 m = 5.6 cm 



The thickness of the boundary layer at that location is obtained by substituting this value of x into the 
laminar boundary layer thickness relation, 



5x 

Re x 2 


-» 



5x 


cr 


Re 


1/2 

cr 


5(0.056 m) 
(5x 10 5 ) 172 


0.00040 m = 0.4 mm 


Therefore, the flow becomes turbulent after about 5 cm from the leading edge of the plate, and the 
thickness of the boundary layer at that location is 0.4 mm. 

Discussion When the flow becomes turbulent, the boundary layer thickness starts to increase, and the value 
of its thickness can be determined from the boundary layer thickness relation for turbulent flow. 
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7-27 


7-38 The weight of a thin flat plate exposed to air flow on both sides is balanced by a counterweight. The 
mass of the counterweight that needs to be added in order to balance the plate is to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Air is an ideal gas. 4 The surfaces of the plate are smooth. 

Properties The density and kinematic viscosity of air at 1 atm and 25 °C are p = 1.184 kg/m and v = 
1.562xl0 -5 m 2 /s (Table A- 15). 


Analysis The Reynolds number is 

n VL (10m/s)(0.4m) 5 

Re, = — = — - — = 2.561x10 

v 1.562xl0 -5 m/s 

which is less than the critical Reynolds number of 5x1 0 5 . 
Therefore the flow is laminar. The average friction coefficient, 
drag force and the corresponding mass are 



1.33 

n 0.5 

Re L 


1.33 

(2.561xl0 5 ) 0 ' 5 


0.002628 


Air, 10 m/s 



40 cm 


Fd ~ Cf A? 


pV_ 

2 


= (0.002628) [(2 x 0.4 x 0.4 ) m 2 ] 0-184 kg/m )(10m/s) = Q Q49g kg . m/s 2 = 0 0498 N 


The mass whose weight is 0.0497 N is 
F d 0.0498 kg.m/s 2 


m - 


= 0.00508 kg = 5.08 g 


g 9.81 m/s 

Therefore, the mass of the counterweight must be 5 g to counteract the drag force acting on the plate. 

Discussion Note that the apparatus described in this problem provides a convenient mechanism to measure 
drag force and thus drag coefficient. 


Flow across Cylinders and Spheres 


7-39C For the laminar flow, the heat transfer coefficient will be the highest at the stagnation point which 
corresponds to 6 « 0° . In turbulent flow, on the other hand, it will be highest when 6 is between 


90° and 120°. 


7-40C Turbulence moves the fluid separation point further back on the rear of the body, reducing the size 
of the wake, and thus the magnitude of the pressure drag (which is the dominant mode of drag). As a result, 
the drag coefficient suddenly drops. In general, turbulence increases the drag coefficient for flat surfaces, 
but the drag coefficient usually remains constant at high Reynolds numbers when the flow is turbulent. 


7-41C Friction drag is due to the shear stress at the surface whereas the pressure drag is due to the pressure 
differential between the front and back sides of the body when a wake is formed in the rear. 


7-42C Flow separation in flow over a cylinder is delayed in turbulent flow because of the extra mixing due 
to random fluctuations and the transverse motion. 
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7-43 A steam pipe is exposed to windy air. The rate of heat loss from the steam is to be determined. V 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 

Properties The properties of air at 1 atm and the film temperature of (T s + 7T)/2 = (90+7)/2 = 48.5°C are 
(Table A- 15) 


k = 0.02724 W/m.°C 

v = 1.784xl0’ 5 m 2 /s 
Pr = 0.7232 

Analysis The Reynolds number is 
^ VD [(50 km/h)(1000 m/km)/(3600 s/h)](0.08 m) 


Air 

V=50 km/h 
P co = 7°C 


Re = 


1.784xl0 -5 m 2 /s 


= 6.228 xlO' 


The Nusselt number corresponding to this Reynolds number is 


Nu = — = 0.3 + 
k 


0.62 Re 0 5 Pr 1/3 


l + (0.4/Pr) : 


282,000 


= 0.3 + 


0.62(6.228 xlO 4 ) 05 (0.7232) 173 


l + (0.4/0.7232) : 


6.228 x 10‘ 
282,000 


= 159.1 


The heat transfer coefficient and the heat transfer rate become 

h = — Nu = 0,02724 W/m ' C (159. 1) = 54. 17 W/m 2 ,°C 
D 0.08 m 

A=nDL = ^-(0.08 m)( 1 m) = 0.25 13 m 2 


Q conv = hA s (T s -T x ) = (54.17 W/m 2 . °C)(0.25 13m 2 )(90-7)°C = 1130 W (perm length) 
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7-44 The wind is blowing across a geothermal water pipe. The average wind velocity is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The local atmospheric pressure is 1 atm. 

Properties The specific heat of water at the 
average temperature of 75°C is 4193 J/kg.°C. 

The properties of air at the film temperature 
of (75+15)/2=45°C are (Table A-15) 


k = 0.02699 W/m.°C 
v = 1.75xl0’ 5 m 2 /s 


Wind 

V 

r m = 15°C 


Water 


( 



Pr = 0.7241 

Analysis The rate of heat transfer from the pipe is 
the energy change of the water from inlet to exit of 
the pipe, and it can be determined from 

Q = me p AT = (8.5 kg/s)(4193 J/kg.°C)(80 -70)°C = 356,400 W 

The surface area and the heat transfer coefficient are 
A = 7rDL = /r(0.15 m)(400 m) = 188.5 m 2 

Q 356,400 W 




Q = hA(T s -T ao ) >h = 


A(T S -T m ) (188.5 m 2 )(75-15)°C 


= 31.51 W/m.C 


The Nusselt number is 


hD (31.51 W/m 2 .°C)(0.15m) , ^ , 

Nu = = = 175. 1 

k 0.02699 W/m.°C 

The Reynolds number may be obtained from the Nusselt number relation by trial-error or using an equation 
solver such as EES: 


Nu = 0.3 + t 


0.62 Re 05 Pr 173 


1 + (0.4/Pr) 


2/3 


1/4 


1 + 


Re 


\ 5/8 


n 4/5 


175.1 = 0.3 + t 


0.62 Re 05 (0.7241) 1/3 


1/4 


282,000 
i + ; Re 


\ 5/8 


1 4/5 


282,000 


■> Re = 7 1,900 


[1 + (0.4/ 0.724 1) 2 7 3 

The average wind velocity can be determined from Reynolds number relation 
VD V (0.15 m) 


Re = 


-> 71,900 = 


v 


1.75xl0“ 5 m 2 /s 


■>R = 8.39 m/s = 30.2 km/h 
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7-45 A hot stainless steel ball is cooled by forced air. The average convection heat transfer coefficient and 
the cooling time are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The outer surface temperature of the ball is uniform at all times. 

Properties The average surface temperature is (350+250)/2 = 300°C, and the properties of air at 1 atm 
pressure and the free stream temperature of 30°C are (Table A- 15) 

k = 0.02588 W/m.°C 


v = 1.608xl0‘ 5 m 2 /s 


ju crj =1.872x10 5 kg/m.s 


^@ 300 °c = 2.934xl0 -5 kg/m.s 
Pr = 0.7282 

Analysis The Reynolds number is 

Re= — - < 6m «0.15m) . 5597x10 4 
v 1.608xl0~ 5 m 2 /s 

The Nusselt number corresponding to this Reynolds number is determined to be 

\ 1/4 


Air 

V = 6 m/s 
= 30' 

— > 


D = 15 cm 
77 = 350°C 



hD 

Nu = = 

= 2 + 

0.4 Re 05 + 0.06 Re 2/3 

Pr 0 ' 4 

/ \ 
Aoo 

k 




J 


= 2 + 


0.4(5.597 x 10 4 ) 05 + 0.06(5.597 x 10 4 ) 2/3 ](0.7282) 


0.4 


1.872x10 


-5 


\ 1/4 


2.934x10 


-5 


= 145.6 


Heat transfer coefficient is 


h = — Nu = 

D 


0.02588 W/m.°C 
0.15 m 


(145.6) = 25.12 W/m 2 .°C 


The average rate of heat transfer can be determined from Newton's law of cooling by using average surface 
temperature of the ball 

A s = /zD 2 = ;r(0.15m) 2 = 0.07069 m 2 

Q avg = hA s (T s -T x ) = (25.12 W/m 2 .°C)(0.07069 m 2 )(300-30)°C = 479.5 W 

Assuming the ball temperature to be nearly uniform, the total heat transferred from the ball during the 
cooling from 350°C to 250°C can be determined from 

G total =mc p (T ] - T 2 ) 


7rD 


where m = pi/ = p = (8055 kg/m ) 


3 tt( 0. 15 m) 


= 14.23 kg 


6 6 
Therefore, Q toVdl =mc p (T l -T 2 ) = (14.23 kg)(480J/kg.°C)(350-250)°C = 683,250J 

Then the time of cooling becomes 
Q 683,250 J 


At = 


Q 


avg 


479.5 J/s 


= 1425 s = 23.7 min 
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7-46 EES Prob. 7-45 is reconsidered. The effect of air velocity on the average convection heat transfer 
coefficient and the cooling time is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


7-31 


"GIVEN" 

D=0.1 5 [m] 

T_1 =350 [C] 

T_2=250 [C] 

T_infinity=30 [C] 

P=1 01 .3 [kPa] 

Vel=6 [m/s] 

rho_ball=8055 [kg/m A 3] 

C_p_bal 1=480 [J/kg-C] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T =T infinity) 

Pr=Prandtl(Fluid$, T=T_infinity) 
rho=Density(Fluid$, T=T_infinity, P=P) 

mu infinity=Viscosity(Fluid$, T=TJnfinity) 

nu=mu_infinity/rho 
mu_s=Viscosity(Fluid$, T=T_s_ave) 

T_s_ave=1/2*(T_1+T_2) 

"ANALYSIS" 

Re=(Vel*D)/nu 

Nusselt=2+(0.4*Re A 0.5+0.06*Re A (2/3))*Pr A 0.4*(muJnfinity/mu_s) A 0.25 

h=k/D*Nusselt 

A=pi*D A 2 

Q_dot_ave=h*A*(T_s_ave-T_infinity) 

Q_total=m_ball*C_p_ball*(T_1 -T_2) 
m_ball=rho_ball*V_ball 
V ball=(pi*D A 3)/6 

time=Q_total/Q_dot_ave*Convert(s, min) 


Vel 

[m/s] 

h 

[W/m 2 .C] 

time 

[min] 

1 

9.204 

64.83 

1.5 

11.5 

51.86 

2 

13.5 

44.2 

2.5 

15.29 

39.01 

3 

16.95 

35.21 

3.5 

18.49 

32.27 

4 

19.94 

29.92 

4.5 

21.32 

27.99 

5 

22.64 

26.36 

5.5 

23.9 

24.96 

6 

25.12 

23.75 

6.5 

26.3 

22.69 

7 

27.44 

21.74 

7.5 

28.55 

20.9 

8 

29.63 

20.14 

8.5 

30.69 

19.44 

9 

31.71 

18.81 

9.5 

32.72 

18.24 

10 

33.7 

17.7 
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time [min] 


7-32 


7-47E A person extends his uncovered arms into the windy air outside. The rate of heat loss from the arm 
is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The arm is treated as a 2-ft-long and 3-in-diameter cylinder with insulated ends. 
5 The local atmospheric pressure is 1 atm. 


Properties The properties of air at 1 atm and the film temperature of (T s + T^/2 = (86+54)/2 = 70°F are 
(Table A-15E) 


k = 0.01457 Btu/h.ft.°F 

v = 0.1643xl0’ 3 ft 2 /s 
Pr = 0.7306 

Analysis The Reynolds number is 

VD [(20 x 5280/3600) ft/s](3/l 2) ft 


Air 

V=20 mph 

y — 54°p + + \J/ + M/ 


Re = 


v 


0.1643xl0~ 3 ft 2 /s 


= 4.463x10' 



The Nusselt number corresponding to this Reynolds number is determined to be 

-l4/5 


P = 86°F 


Nu= — = 03 + 


0.62 Re 05 Pr 1/3 


1 + 


^ 2/3 


nl/4 


vPry 


1 + 


Re 


\ 5/8 


282,000 


= 0.3 + 


0.62(4.463 x 1 0 4 ) 05 (0.7306) 1 ' 3 


1 + 


0.4 
0.7306 


\ 2/3 


nl/4 


1 + 


r 4 \ 5/8 

4.463 xlO 4 

282,000 


-i4/5 


= 129.6 


Then the heat transfer coefficient and the heat transfer rate from the arm becomes 



0.01457 Btu/h.ft.°F 
(3/12) ft 


(129.6) = 7.557 Btu/h.ft 2 .°F 


A s = kDL = tt{ 3/12 ft) (2 ft) = 1 .57 1 ft 2 

Q amv = hA s (T s -r x ) = (7.557 Btu/h.ft 2 .°F)( 1.57 lft 2 )(86-54)°F = 380 Btu/h 
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7-48E EES Prob. 7-47E is reconsidered. The effects of air temperature and wind velocity on the rate of 
heat loss from the arm are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_infinity=54 [F] 

Vel=20 [mph] 

T_s=86 [F] 

L-2 [ft] 

D=3/1 2 [ft] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=14.7) 
mu=Viscosity(Fluid$, T=T_film)*Convert(lbm/ft-h, Ibm/ft-s) 
nu=mu/rho 

T_film=1/2*(T_s+T_infinity) 

"ANALYSIS" 

Re=(Vel*Convert(mph, ft/s)*D)/nu 

Nusselt=0.3+(0.62*Re A 0.5*Pr A (1/3))/(1+(0.4/Pr) A (2/3)) A 0.25*(1+(Re/282000) A (5/8)) A (4/5) 

h=k/D*Nusselt 

A=pi*D*L 

Q_dot_conv=h*A*(T_s-T_infinity) 


Too [F] 

Qconv [Btu/h] 

20 

790.2 

25 

729.4 

30 

668.7 

35 

608.2 

40 

547.9 

45 

487.7 

50 

427.7 

55 

367.9 

60 

308.2 

65 

248.6 

70 

189.2 

75 

129.9 

80 

70.77 


Vel [mph] 

Q conv [Btu/h] 

10 

250.6 

12 

278.9 

14 

305.7 

16 

331.3 

18 

356 

20 

379.8 

22 

403 

24 

425.6 

26 

447.7 
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7-49 The average surface temperature of the head of a person when it is not covered and is subjected to 
winds is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 One-quarter of the heat the person generates is lost from the head. 5 The head 
can be approximated as a 30-cm-diameter sphere. 6 The local atmospheric pressure is 1 atm. 


Properties We assume the surface temperature to be 15°C for viscosity. The properties of air at 1 atm 
pressure and the free stream temperature of 10°C are (Table A- 15) 


k = 0.02439 W/m.°C 
v = 1.426xl0" 5 m 2 /s 
H =1.778xl(T 5 kg/m.s 
= 1 .802xl0 -5 kg/m.s 

Pr = 0.7336 


Analysis The Reynolds number is 

Re _ VD [(25 x 1000/3600) m/s](0.3m) 
v 1.426xl0~ 5 m 2 /s 


1.461xl0 5 


Air 

V=25 km/h 
T^ = 10°C 

> 

> 

> 

> 

> 


Head 
Q = 21 W 



The proper relation for Nusselt number corresponding to this Reynolds number is 


A7 kD 

Nu = = 

= 2 + 

0.4 Re 05 + 0.06 Re 2/3 

Pr 04 

f \ 

Aoo 

k 




V /A y 


= 2 + 


0.4(1 .461 x 10 5 )°' 5 + 0.06(1 .461 x 10 5 ) 2/3 } o .7336) 


0.4 


1.778x10 

1.802x10 


- 5 > 


-5 


1/4 


283.2 


The heat transfer coefficient is 


* = * Nu = 0-02439 W/m.°C = ^ w/m2 , c 

D 0.3 m 


Then the surface temperature of the head is determined to be 


4 = nD 1 = ^-(0.3 m) 2 = 0.2827 m 2 


Q 


Q = hA (T -T x ) >T S =7^ +-=- = 10°CN 

hA„ 


(84/4) W 


(23.02 W/m 2 .°C)(0.2827 m 2 ) 


= 13.2 °C 
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7-50 The flow of a fluid across an isothermal cylinder is considered. The change in the drag force and the 
rate of heat transfer when the free-stream velocity of the fluid is doubled is to be determined. 

Analysis The drag force on a cylinder is given by 


Fd\ ~ ^d a n 


V->2V 

When the free-stream velocity of the fluid is doubled, the drag force becomes 


^ d2 ~ C d a n 


Pi 2V) 2 


Pipe 
D 
I ' 


Taking the ratio of them yields 
F D2 _ (2V) 2 _ 4 

F m V 2 U 

The rate of heat transfer between the fluid and the cylinder is given by Newton's law of cooling. We 
assume the Nusselt number is proportional to the nth power of the Reynolds number with 0.33 < n < 0.805. 
Then, 


Q\ = hA s (T s -T x ) = (T Nu V (T s - T x ) = A (Re)" A s (T s - T a 

\ L) D 


k fVD 
D\ v 


As (T s - ) 


k ( D\ n 

= V n -- A s( T S -Too) 

D v 


When the free-stream velocity of the fluid is doubled, the heat transfer rate becomes 


kfnY 

Q 2 =(2vr-- A(T S -T Y 

I 1 i / 


Taking the ratio of them yields 

Ql ( 2 VT 2 n 

Qi V " 
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7-51 The wind is blowing across the wire of a transmission line. The surface temperature of the wire is to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The local atmospheric pressure is 1 atm. 


Properties We assume the film temperature to be 10°C. The 
properties of air at this temperature are (Table A- 15) 

p = 1.246 kg/m 3 
k = 0.02439 W/m.°C 

v = 1.426 xlO" 5 m 2 /s 
Pr = 0.7336 

Analysis The Reynolds number is 


Wind 

V=40 km/h 
T n = 10°C 

> 

> 

> 

> 

> 


Re _ VD [(40 x 1000/3600) m/s](0.006 m) _ 
v 1.426xl0~ 5 m 2 /s 

The Nusselt number corresponding to this Reynolds number is determined to be 


Nu = - = 03 + -r 


0.62 Re 0 ' 5 Pr 1/3 


l + (0.4/Pr) 


2/3 


1/4 


1 + 


' Re 


-| 4/5 


282,000 


= 0.3 + 


0.62(4675) 05 (0.7336) 173 


1 + (0.4/ 0.7336) 


2/3 


1/4 


1 + 


r 4675 ^ 5/8 
282,000 


~ 1 4 / 5 


= 36.0 



Transmission 
wire, T s 
D = 0.6 cm 


The heat transfer coefficient is 


* = ±Nu = 0-02439 W/m.°C = M6 3 OQ 
D 0.006 m 

The rate of heat generated in the electrical transmission lines per meter length is 
W = Q = 1 2 R = (50 A) 2 (0.002 Ohm) = 5.0 W 

The entire heat generated in electrical transmission line has to be transferred to the ambient air. The surface 
temperature of the wire then becomes 

A v = kDL - ^-(0.006 m)(lm) = 0.01885 m 2 


Q = hA(T s -T ao ) 


^ T s - + 


Q 


hA. 


= 10°C + 


5 W 


(146.3 W/m 2 .°C)(0.01885m 2 ) 


= 11.8°C 
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7-52 EES Prob. 7-51 is reconsidered. The effect of the wind velocity on the surface temperature of the wire 
is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.006 [m] 

L=1 [m] ‘‘unit length is considered" 

1=50 [Ampere] 

R=0.002 [Ohm] 

T_infinity=10 [C] 

Vel=40 [km/h] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=101.3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 

T_film=1 /2*(T_s+T infinity) 

"ANALYSIS" 

Re=(Vel*Convert(km/h, m/s)*D)/nu 

Nusselt=0.3+(0.62*Re A 0.5*Pr A (1/3))/(1+(0.4/Pr) A (2/3)) A 0.25*(1+(Re/282000) A (5/8)) A (4/5) 

h=k/D*Nusselt 

W_dot=l A 2*R 

Q_dot=W_dot 

A=pi*D*L 

Q_dot=h*A*(T_s-T_infinity) 


Vel [km/h] 

T s [C] 

10 

13.72 

15 

13.02 

20 

12.61 

25 

12.32 

30 

12.11 

35 

11.95 

40 

11.81 

45 

11.7 

50 

11.61 

55 

11.53 

60 

11.46 

65 

11.4 

70 

11.34 

75 

11.29 

80 

11.25 
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7-53 An aircraft is cruising at 900 km/h. A heating system keeps the wings above freezing temperatures. 
The average convection heat transfer coefficient on the wing surface and the average rate of heat transfer 
per unit surface area are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The wing is approximated as a cylinder of elliptical cross section whose minor 
axis is 50 cm. 


Properties The properties of air at 1 atm and the film temperature of (T s + T^/2 = (0-55. 4)/2 = -27.7°C are 
(Table A- 15) 

k= 0.02152 W/m.°C 


v = 1.106xl0" 5 m 2 /s 
Pr = 0.7421 

Note that the atmospheric pressure will only affect the kinematic 
viscosity. The atmospheric pressure in atm unit is 

P = (18.8 kPa) = 0.1855 atm 

101.325 kPa 

The kinematic viscosity at this atmospheric pressure is 

v = (1.106xl0 -5 m 2 /s)/0.1855 = 5.961xl0~ 5 m 2 /s 


18.8 kPa 
V=900 km/h 



Analysis The Reynolds number is 

Re _ VD _ [(900x1000/3600) m/s](0.5 m) 
v 5.961xl0~ 5 m 2 /s 


2.097 xlO 6 


The Nusselt number relation for a cylinder of elliptical cross-section is limited to Re < 15,000, and the 
relation below is not really applicable in this case. However, this relation is all we have for elliptical 
shapes, and we will use it with the understanding that the results may not be accurate. 

hD 

Nu = = 0.248 Re 0 ' 612 Pr 1/3 =0.248(2.097xl0 6 )°' 612 (0.7241) 1/3 =1660 

k 


The average heat transfer coefficient on the wing surface is 



0.02152 W/m.°C 
0.5 m 


(1660) =71 .45 W/m 2 .°C 


Then the average rate of heat transfer per unit surface area becomes 

q = h(T s —T x ) = (71.45 W/m 2 .°C)[0- (-55.4)] °C = 3958 W/m 2 
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7-54 A long aluminum wire is cooled by cross air flowing over it. The rate of heat transfer from the wire 
per meter length when it is first exposed to the air is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 
(T s + T a )/2 = (370+30)/2 = 200°C are (Table A- 15) 


k = 0.03779 W/m.°C 
v = 3.455xl0' 5 m 2 /s 
Pr = 0.6974 

Analysis The Reynolds number is 

VD (6m/s)(0.003m) 

Re = = — = 521.0 

v 3.455 x 10~ 5 m 2 /s 

The Nusselt number corresponding to this 
Reynolds number is determined to be 



w hD 0.62 Re 05 Pr 1/3 

Nu = = 0.3 + -F 


1 + (0.4 / Pr) 


2/3 


1/4 


1 + 


Re 

282,000 


5/8 


-| 4/5 


= 0.3 + 


0.62(52 1.0) 05 (0.6974) 1/3 


1 + (0.4 70.6974) 


2/3 


1/4 


1 + 


' 521.0 ^ 5/g 
282,000 


~ 1 4 / 5 


= 1 1.48 


Then the heat transfer coefficient and the heat transfer rate from the wire per meter length become 



0.03779 W/m.°C 
0.003 m 


(11.48) = 144.6 W/m 2 .°C 


A s = nDL = ^-(0.003 m)( 1 m) = 0.009425 m 2 
Q conv = hA s (T s -T x ) = (144.6 W/m 2 .°C)(0. 009425 m 2 )(370- 30)°C = 463 W 
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7-55E A fan is blowing air over the entire body of a person. The average temperature of the outer surface 
of the person is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The average human body can be treated as a 1-ft-diameter cylinder with an 
exposed surface area of 18 ft . 5 The local atmospheric pressure is 1 atm. 

Properties We assume the film temperature to be 100°F. 

The properties of air at this temperature are (Table A-15E) 

k= 0.01529 Btu/h.ft.°F 


V = 6 ft/s 
= 85°F 


v = 1.809 xlO' 4 ft 2 /s 
Pr = 0.7260 

Analysis The Reynolds number is 
VD (6 ft/s)(l ft) 


-> 

-> 


-> 


-> 


Re = 


v 1.809x 10 -4 ft 2 /s 


= 3.317x10 


4 


The proper relation for Nusselt number corresponding to this Reynolds number is 

1 4/5 



Person, T s 
300 Btu/h 


Nu = 


hD 0.62 Re 0 5 Pr 1/3 


= 0.3 


1 + (0.4 / Pr) 


2/3 


1/4 


1 + 


Re 


\ 5 /8 


282,000 


= 0.3 + 


0.62(3.317 xlO 4 ) 0 ' 5 (0.7260) 


1 + (0.4/ 0.7260) 


2/3 


1/4 


1 + 


r 4 \ 5/s 

3.317 xlO 4 

282,000 


“i4/5 


= 107.8 


The heat transfer coefficient is 

h = *-*» = 001529 B'u/h-f^F (107.8) = 1.649 Btu/h. ft = ,»F 
D 1ft 

Then the average temperature of the outer surface of the person becomes 


Q 


Q = hA s (T s -T„ )^>T s =T„+-^ = 85°Fd 


300 Btu/h 


(1 .649 Btu/h.ft 2 .°F)( 1 8 ft 2 ) 


= 95.1°F 


If the air velocity were doubled, the Reynolds number would be 
VD 


Re = 


(12ft/s)(lft) = 6.633 xlO 4 


V 


1.809 xlO -4 ft 2 /s 

The proper relation for Nusselt number corresponding to this Reynolds number is 

“l4/5 

n c i/o l x n O / N 

hD 


Nu = 


= 0.3 


0.62 Re 0 5 Pr 1/3 


1 + (0.4 / Pr) 


2/3 


1/4 


1 + 


Re 


\ 5/8 


282,000 


= 0.3 


0.62(6.633 xlO 4 ) 0 ' 3 (0.7260) 


1 + (0.4/ 0.7260) 


2/3 


1/4 


1 + 


4 4^/8 

6.633xlQ 4 
282,000 


n4/5 


= 165.9 


Heat transfer coefficient is 


7 k AT 0.01529 Btu/h.ft. °F „ „ _ . 2 OT , 

h = — Nu = (165.9) = 2.537 Btu/h.ft 2 .°F 

D 1ft 

Then the average temperature of the outer surface of the person becomes 


Q 


Q = hA s (T s -T ao )^T s =T ao +-^- = 85°F-i 

M, 


300 Btu/h 


(2.537 Btu/h.ft 2 .°F)(18ft 2 ) 


= 91.6°F 
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7-56 A light bulb is cooled by a fan. The equilibrium temperature of the glass bulb is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The light 
bulb is in spherical shape. 4 The local atmospheric pressure is 1 atm. 


Properties We assume the surface temperature to be 100°C for viscosity. The properties of air at 1 atm 
pressure and the free stream temperature of 30°C are (Table A- 15) 

k = 0.02588 W/m.°C 

v = 1.608x 10" 5 m 2 /s 


p oo =1.872x10 5 kg/m.s 


A 


= 2.181xl0" 5 kg/m.s 


J »@100°C 

Pr = 0.7282 


Analysis The Reynolds number is 


Re = 


VD (2m/s)(0.1m) 


= 1.244x10“ 


V 1.608xl0~ 5 m 2 /s 
The proper relation for Nusselt number corresponding to this Reynolds number is 

hD 



Nu = 


= 2 + 


0.4 Re 0 ' 5 + 0.06 Re 2/3 


Pr 0 ' 4 

f \ 

Aoo 


J 


\ 1/4 


= 2 + 


0.4(1.244 x 10 4 ) 0,5 + 0.06(1 .244 xlO 4 ) 2/3 


}o.7282) 


0.4 


1.872x10 

2.181x10 


< \ 1/4 


-5 


= 67.14 


The heat transfer coefficient is 



0.02588 W/m.°C 
0.1m 


(67.14) = 17.37 W/m 2 .°C 


Noting that 90 % of electrical energy is converted to heat, 
Q = (0.90)(100 W) = 90 W 


The bulb loses heat by both convection and radiation. The equilibrium temperature of the glass bulb can be 
determined by iteration or by an equation solver: 

A s — 7rD 2 = ff(O.lm) 2 = 0.0314m 2 

2 total = Qconv +Qrad = hA s <T s ~T X ) + sAMN ~ T surr 

90 W = (17.37 W/m 2 .°C)(0.03 14 m 2 )[T S -(30 + 273)K] 

+ (0.9X0.03 14 m 2 )(5.67 x 10‘ 8 W/m 2 .K 4 )[r s 4 - (30 + 273 K) 4 


T s = 409.9 K = 136.9°C 
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7-57 A steam pipe is exposed to a light winds in the atmosphere. The amount of heat loss from the steam 
during a certain period and the money the facility will save a year as a result of insulating the steam pipe 
are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The plant 
operates every day of the year for 10 h a day. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 


(T s + Too)/2 = (75+5)/2 = 40°C are (Table A- 15) 
k = 0.02662 W/m.°C 

v = 1.702xl0" 5 m 2 /s 
Pr = 0.7255 

Analysis The Reynolds number is 

VD [( 10x1000/3600) m/s](0.1m) 


Wind 

V= 10 km/h 
= 5°C 


///// 


Re = 


v 


1.702xl0" 5 m 2 /s 


= 1.632x10“ 


Steam pipe 
r s = 75°C 
D = 10 cm 
8 = 0.8 


The Nusselt number corresponding to this Reynolds number is determined to be 

-i4/5 


Nu= — = 0.3 


0.62 Re 0 ' 5 Pr 1/3 


2/3 


1/4 


1 + 


= 0.3 + 


[1 + (0.4 /Pr) 

0.62(1.632 xl0 4 )° J (0.7255) 


Re 


\ 5/8 


282,000 


2/3 


1/4 


1 + 


r 4 \5/s 

1.632xl0 4 

282,000 


n4/5 


= 71.19 


[1 + (0.4/ 0.7255) 

The heat transfer coefficient is 

h = —Nu = aQ2662 W/m - ° C (71.19) = 18.95 W/m 2 .°C 
D 0.1m 

The rate of heat loss by convection is 

A s = ttDL = n( 0.1 m)(12 m) = 3.77 m 2 

Q = hA s (T s -T m ) = (18.95 W/m 2 .°C)(3.77 m 2 )(75-5)°C = 5001 W 
The rate of heat loss by radiation is 

Qrad ^ 5 ++^/) 

= (0.8X3.77 m 2 )(5.67xl0' 8 W/m 2 . K 4 )[(75 + 273 K) 4 -(0 + 273 K) 4 =1558W 
The total rate of heat loss then becomes 

Gtotal =Qcon V +Qrad = 5001 + 1 558 = 6559 W 
The amount of heat loss from the steam during a 10-hour work day is 

Q = Q tota j At = (6.559 kJ/s)(10h/dayx 3600 s/h) = 2.361xl0 5 kj/day 
The total amount of heat loss from the steam per year is 

Q total = Q day ( no - of days) = (2.361 xlO 5 kJ/day )(365 days/yr) = 8.619 xlO 7 kJ/yr 
Noting that the steam generator has an efficiency of 80%, the amount of gas used is 


Qgas 


Q 


total 


8.619 xlO 7 kJ/yr r 


0.80 


0.80 


1 therm 


= 1021 therms/yr 


105,500 kJ 

Insulation reduces this amount by 90%. The amount of energy and money saved becomes 
Energy saved = (0.90)<2^ = (0.90)(1 021 therms/yr) = 919 therms/yr 

Money saved = (Energy saved)(Unit cost of energy) = (919 therms/yr)($ 1.05/therm) = $965 
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7-58 A steam pipe is exposed to light winds in the atmosphere. The amount of heat loss from the steam 
during a certain period and the money the facility will save a year as a result of insulating the steam pipes 
are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The plant 
operates every day of the year for 10 h. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of Wind 

(T s + To,)/ 2 = (75+5)/2 = 40°C are (Table A- 15) UU 

k = 0.02662 W/m.°C 


V= 10 km/h 
T * = 5°C 


v = 1.702xl0‘ 5 m 2 /s 
Pr = 0.7255 

Analysis The Reynolds number is 


///// 


Re = 


VD _ [( 10 x 1000/3600) m/s](0.1m) 


Steam pipe 
r s = 75°C 
D = 10 cm 
£= 0.8 


v 


1.702xl0" 5 m 2 /s 


= 1.632x10“ 


The Nusselt number corresponding to this Reynolds number is determined to be 

N S /^ 4/5 

Re 


Nu= — = 0.3 + t 


0.62 Re 05 Pr 1/3 


2/3 


1/4 


1 + 


= 0.3 


[1 + (0.4 / Pr) 

0. 62(1. 632 xl0 4 )°' J (0.7255) 


282,000 


2/3 


1/4 


1 + 


r 4 5/8 

1.632xl0 4 

282,000 


n4/5 


= 71.19 


[1 + (0.4/ 0.7255) 

The heat transfer coefficient is 

h = —Nu = Q - 02662 w/m - . ° C (7i i9) = 18.95 W/m 2 .°C 
D 0.1m 

The rate of heat loss by convection is 

A s = jtDL = n{ 0.1 m)(12 m) = 3.77 m 2 

Q = hA s (T s -T x ) = (18.95 W/m 2 .°C)(3.77 m 2 )(75 - 5)°C = 5001 W 

For an average surrounding temperature of 0°C, the rate of heat loss by radiation and the total rate of heat 
loss are 


4 


4 


Qrad =eA,<r (T s ~T surr ) 

= (0.8)(3.77 m 2 )(5.67xl0" 8 W/m 2 . K 4 )[(75 + 273 K) 4 -(0 + 273 K) 4 
Ctota, =Q mnv + Q rad =5001 + 1588 = 6559 W 


= 1558 W 


If the average surrounding temperature is -20°C, the rate of heat loss by radiation and the total rate of heat 
loss become 

Qrad = fi4 , Cr ( 7 'v 4 ~ T surr 4 ) 

= (0.81(3.77 m 2 )(5.67xl0‘ 8 W/m 2 .K 4 )[(75 + 273 K) 4 -(-20 + 273 K) 4 
= 1807 W 

Qrnal = Qconv + Qrad = 5001 + 1807 = 6808 W 

which is 6808 - 6559 = 249 W more than the value for a surrounding temperature of 0°C. This corresponds 
to 

0 Aff 249 W 

% change = x 1 00 = -733^777 x 1 00 = 3.8 % (increase) 


Q 


total, 0°C 


6559 W 


If the average surrounding temperature is 25 °C, the rate of heat loss by radiation and the total rate of heat 
loss become 
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Qrad =^M T s 4 -Tsurr 4 ) 

= (0.8X3.77 m 2 )(5.67 x 10~ 8 W/m 2 .K 4 ) 


= 1159 W 

Qtotal-Qcon^Qrad = 5001 + 1 159 = 6160 W 


(75 + 273 K) 4 - (25 + 273 K) 


which is 6559 - 6160 = 399 W less than the value for a surrounding temperature of 0°C. This corresponds 
to 


0 A f f 399 W 

% change = ^ dltference xl00 = x 100 = 6 . 1 % (decrease) 

e,otai.o°c 6559 W 

Therefore, the effect of the temperature variations of the surrounding surfaces on the total heat transfer is 
less than 6%. 


7-59E An electrical resistance wire is cooled by a fan. The surface temperature of the wire is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The local atmospheric pressure is 1 atm. 

Properties We assume the film temperature to be 200°F. The 
properties of air at this temperature are (Table A-15E) 

k = 0.01761 Btu/h.ft.°F 


v = 2.406x 10" 4 ft 2 /s 
Pr = 0.7124 

Analysis The Reynolds number is 

VD (20 ft/s)(0. 1/12 ft) 


Air 

V = 20 ft/s 
T* = 85 °F 

///// 


Resistance 


Re = 


v 


2.406 xlO -4 ft 2 /s 


= 692.7 


r\ wire 
D = 0.1 in 


The proper relation for Nusselt number corresponding to this Reynolds number is 

-i4/5 


Nu = — = 03 + t 


0.62 Re 0 5 Pr 1/3 


1 + (0.4 / Pr) 


2/3 


1/4 


r 


1 + 


Re 


\ 5/8 


0.5 


= 0.3 


0.62(692.7) (0.7124) 


v 

1/3 


282,000 


[1 + (0.4/ 0.7 124) 
The heat transfer coefficient is 


2/3 


1/4 


1 + 


' 692.7 ' 5/8 


-|4/5 


282,000 


= 13.34 


= 0 -°”BnM.T = 28. 19 Btu/h.ft 2 .°F 

D (0.1/12 ft) 

Then the average temperature of the outer surface of the wire becomes 
A s = ttDL = tt( 0.1/12 ft) (12 ft) = 0.3 142 ft 2 

Q 


Q = hA (T -T^) 


+ T S -^oo + 


hA 


= 85°F + 


(1500x 3.41214) Btu/h 
(28. 19 Btu/h.ft 2 .°F)(0.3 142 ft 2 ) 


= 662.9°F 


Discussion Repeating the calculations at the new film temperature of (85+662.9)/2=374°F gives 
r s =668.3°F. 
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7-60 The components of an electronic system located in a horizontal duct is cooled by air flowing over the 
duct. The total power rating of the electronic device is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 
(T s + T^/ 2 = (65+30)/2 = 47.5°C are (Table A- 15) 


20 cm 


k = 0.02717 W/m.°C 
v = 1.774xl0" 5 m 2 /s 
Pr = 0.7235 

Analysis The Reynolds number is 

TO = [,200/60, , 


Air 
30°C 

200 m/min 


v 


1.774xl0“ 5 m 2 /s 



20 cm 


1.5 m 


Using the relation for a square duct from Table 7-1, the Nusselt number is determined to be 
hD 


Nu = 


= 0.102 Re 0 ' 675 Pr 1/3 = 0.102(3.758xl0 4 ) a675 (0.7235) 1/3 =112.2 


The heat transfer coefficient is 



0.02717 W/m.°C 
0.2 m 


(112.2) = 15.24 W/m 2 .°C 


Then the rate of heat transfer from the duct becomes 
A s = (4 x 0.2 m)(l .5 m) = 1 .2 m 2 

Q = hA s (T s 7V) = (1 5.24 W/m 2 ,°C)( 1 .2 m 2 )(65 - 30)°C = 640 W 
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7-61 The components of an electronic system located in a horizontal duct is cooled by air flowing over the 
duct. The total power rating of the electronic device is to be determined. V 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 

Properties The properties of air at 1 atm and the film temperature 
of (T s + rj/2 = (65+30)/2 = 47.5°C are (Table A- 15) 
k = 0.02717 W/m.°C 


20 cm 


v = 1.774xl0’ 5 m 2 /s 
Pr = 0.7235 

For a location at 4000 m altitude where the 
atmospheric pressure is 61.66 kPa, only kinematic 
viscosity of air will be affected. Thus, 

'101.325^ 


Air 
30°C 

200 m/m in 



20 cm 


1.5 m 


v, 


61.66 kPa 


(1.774x 10 -5 ) = 2.915xl0“ 5 m 2 /s 


61.66 

V / 

Analysis The Reynolds number is 

_ VD _ [(200/60) m/s](0.2m) _ 


Re = 


v 


2.915xl0' 5 m 2 /s 


= 2.287 x 10 


4 


Using the relation for a square duct from Table 7-1, the Nusselt number is determined to be 
Nu = — = 0.1 02 Re 0675 Pr 1/3 = 0.102(2.287) a675 (0.7235) 1/3 =80.21 


The heat transfer coefficient is 



0.02717 W/m.°C 
0.2 m 


(80.21) = 10.90 W/m 2 .°C 


Then the rate of heat transfer from the duct becomes 
A s = (4x0.2 m)(1.5m) = 1.2 m 2 

Q = hA s (T s -T r ) = (1 0.90 W/m 2 ,°C)(1 .2 m 2 )(65 - 30)°C = 458 W 
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7-62 A cylindrical electronic component mounted on a circuit board is cooled by air flowing across it. The 
surface temperature of the component is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The local atmospheric pressure is 1 atm. 

Properties We assume the film temperature to be 50°C. The 
properties of air at 1 atm and at this temperature are (Table A- 15) 


k = 0.02735 W/m.°C 
v = 1.798x 10" 5 m 2 /s 
Pr = 0.7228 

Analysis The Reynolds number is 

„ VD (240/60 m/s)(0.003m) ^ , 

Re = = — = 667.4 

v 1.798xl0“ 5 m“/s 

The proper relation for Nusselt number 
corresponding to this Reynolds number is 



L = 1.8 cm 


Nu = 


hD 


= 0.3 + t 


0.62 Re 05 Pr 1/3 


l + (0.4/Pr) 


2/3 


1/4 


r 


1 + 


Re 


\ 5/8 


“l 4/ 5 


0.5 


= 0.3 + 


0.62(667.4) (0.7228) 


v 
1/3 


282,000 


1 + (0.4/ 0.7228) 


2/3 


1/4 


1 + 


A 667.4 v5/8 


n 4/5 


282,000 


13.17 


The heat transfer coefficient is 


h = = 002735 W/ m -°C (13 . 17) = 120 . 0 w/m2 , c 

D 0.003 m 

Then the surface temperature of the component becomes 

A=ttDL = ^-(0.003 m)(0.018 m) = 0.0001696 m 2 


Q = hA s (T s - 7' x ) >T S =T X 


f — = 35 °C 
M 


0.4 W 

(1 20.0 W/m 2 ,°C)( 0.000 1 696 m 2 ) 


= 54.6°C 


The film temperature is (54.6+35)/2=44.8°C, which is sufficiently close to the assumed value of 50°C. 
Therefore, there is no need to repeat calculations. 
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7-63 A cylindrical hot water tank is exposed to windy air. The temperature of the tank after a 45 -min 
cooling period is to be estimated. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The surface of the tank is at the same temperature as the water temperature. 5 
The heat transfer coefficient on the top and bottom surfaces is the same as that on the side surfaces. 
Properties The properties of water at 80 °C are (Table A-9) 


p = 97 1.8 kg/m 3 
c p =4197 J/kg.°C 

The properties of air at 1 atm and at the anticipated film 
temperature of 50°C are (Table A- 15) 
k = 0.02735 W/m.°C 

v = 1.798x 10" 5 m 2 /s 
Pr = 0.7228 

Analysis The Reynolds number is 

"40x1000 
VD v 


Water tank 
D =50 cm 
L = 95 cm 



Re = 


3600 


m/s 


(0.50 m) 


v 


1.798xl0~ 5 m 2 /s 


= 3.090x10 


Air 

V =40 km/h 

r m = i8°c 


The proper relation for Nusselt number corresponding to this Reynolds number is 

-|4/5 

n -> / ;s 

Re 


Nu = 0.3 + t 


0.62 Re 0 5 Pr 1/3 


l + (0.4/Pr) 


2/3 


1/4 


1 + 


\ 5/8 


282,000 


= 0.3 + 


0.62(3.090 x 10 5 ) 0-5 (0.7228) 173 


1/4 


1 + 


r c\ 5/8 

3.090xl0 5 

282,000 


~ 1 4 / 5 


[l + (0.4/0.7228) 2/3 
The heat transfer coefficient is 

A = 1 Nu = 0-02735 W/m.°C = 

D 0.50 m 

The surface area of the tank is 

D 2 

A„ = nDL + 2n = ;r(0.5)(0.95) + 2^(0.5) 2 / 4 = 1 .885 m 2 


= 484.8 


The rate of heat transfer is determined from 

Q = hA s (T s -T^) = (26.52 W/m 2 .°C)(l. 885 m 2 ) 


80 + 77 


18 


°C (Eq. 1) 


where T 2 is the final temperature of water so that (80+T 2 )/2 gives the average temperature of water during 
the cooling process. The mass of water in the tank is 

;0. 5 0m,>(0.95 m „4 = 18U k g 

The amount of heat transfer from the water is determined from 

Q = mc p (T 2 -T l ) = (m.3 kg)(4 1 97 J/kg.°C)(80 - T 2 )°C 

Then average rate of heat transfer is 

Q (181.3 kg)(4 1 97 J/kg. °C)(80 - T 2 )°C 


Q = 


At 45 x 60 s 

Setting Eq. 1 to be equal to Eq. 2 we obtain the final temperature of water 


(Eq. 2) 


Q = (26.52 W/m 2 .°C)(1 .885 m 2 ) 


80+r 2 


18 


5 C = 


(181.3 kg)(4 197 J/kg. °C)(80 - T 2 )°C 
45 x 60 s 


T 2 = 69.9°C 
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7-64 EES Prob. 7-63 is reconsidered. The temperature of the tank as a function of the cooling time is to be 
plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.50 [m] 

L=0.95 [m] 

T_w1=80 [C] 

T_infinity=18 [C] 

Vel=40 [km/h] 
time=45 [min] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=1 01 .3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 

T_f i I m = 1 /2* (T_w_a ve+T _i nf i n ity ) 
rho_w=Density(water, T=Twave, P=1 01 .3) 

C_p_w=CP( Water, T=T_w_ave, P=101.3)*Convert(kJ/kg-C, J/kg-C) 

T_w_a ve= 1 /2*(T_w1 +T_w2) 

"ANALYSIS" 

Re=(Vel*Convert(km/h, m/s)*D)/nu 

Nusselt=0.3+(0.62*Re A 0.5*Pr A (1/3))/(1+(0.4/Pr) A (2/3)) A 0.25*(1+(Re/282000) A (5/8)) A (4/5) 

h=k/D*Nusselt 

A=pi*D*L+2*pi*D A 2/4 

Qd ot= h * A* (T_w_a ve-T_i nf i n i ty ) 

m_w= rho_w*V_w 

V_w=pi*D A 2/4*L 

Q=m_w*C_p_w*(T_w1 -Tw2) 

Q_dot=Q/(time*Convert(min, s)) 


time [min] 

t w2 [C] 

30 

73.06 

45 

69.86 

60 

66.83 

75 

63.96 

90 

61.23 

105 

58.63 

120 

56.16 

135 

53.8 

150 

51.54 

165 

49.39 

180 

47.33 

195 

45.36 

210 

43.47 

225 

41.65 

240 

39.91 

255 

38.24 

270 

36.63 

285 

35.09 

300 

33.6 
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7-65 Air flows over a spherical tank containing iced water. The rate of heat transfer to the tank and the rate 
at which ice melts are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm pressure and the free stream temperature of 25 °C are (Table A- 15) 
k = 0.02551 W/m.°C 


v = 1.562xl0" 5 m 2 /s 
jU x = 1.849x10 5 kg/m.s 
= 1.729 xlCT 5 kg/m.s 


Air 


^>@o°c 

Pr = 0.7296 

Analysis The Reynolds number is 

Re= — = 17m/s)ll - 8m) = 8.067 x IQ 5 

V 1.562xl0" 5 m 2 /s 

The proper relation for Nusselt number corresponding to this Reynolds number is 

\ 1/4 



A7 kD 

Nu = = 

= 2 + 

0.4 Re 0 ' 5 + 0.06 Re 2/3 

Pr 04 

/ \ 
Aoo 

k 




V Ps y 


= 2 + [o.4(8.067 x 10 s ) 0 ' 5 + 0.06(8.067 x 10 s ) 2/3 }o.7296) 
The heat transfer coefficient is 


0.4 


1.849x10 

1.729x10 


-5 


-5 


\ 1/4 


= 790.1 



0.02551 W/m.°C 
1.8m 


(790.1) = 11.20 W/m 2 .°C 


Then the rate of heat transfer is determined to be 
A s = n D 2 =n{ 1.8 m) 2 = 10.18 m 2 

Q = hA s (T s -r x ) = (11.20 W/m 2 .°C)(l 0.18m 2 )(25-0)°C = 2850 W 
The rate at which ice melts is 

Q = trihfo > m = -Q— = = 0.00854 kg/s = 0.512 kg/min 

h j-g 333.7 kJ/kg 
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7-66 A cylindrical bottle containing cold water is exposed to windy air. The average wind velocity is to be 
estimated. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 Heat transfer at the top and bottom surfaces is negligible. 

Properties The properties of water at the average temperature of (T\ + r 2 )/2=(3+l 1)/2=7°C are (Table A-9) 
p = 999.8 kg/m 3 


c p = 4200 J/kg.°C 

The properties of air at 1 atm and the film temperature 
of (T s + T„)/2 = (1+21)12 = 17°C are (Table A-15) 
k = 0.02491 W/m.°C 

v = 1.488x 10" 5 m 2 /s 
Pr = 0.7317 

Analysis The mass of water in the bottle is 


Air 

V 

= 2TC 


% 


0. 1 0m,^ ( 0.30my4 = 2 .356 k g 

Then the amount of heat transfer to the water is 

Q = mc p (T 2 -T l ) = (2.356 kg)(4200 J/kg.°C)(ll-3)°C = 79,162 J 

The average rate of heat transfer is 

e= 2 = 79062J =2932W 

At 45 x 60 s 

The heat transfer coefficient is 

A = 7rDL = ;r(0.10m)(0.30m) = 0.09425 m 2 



Bottle 
D =10 cm 
L- 30 cm 


2co„v =hA s (T x -T s ) 

The Nusselt number is 


■» 29.32 W = /z(0. 09425 m 2 )(27 - 7)°C > h = 15.55 W/m 2 ,°C 


Ar hD (15.55 W/m 2 . °C)(0. 10 m) 

Nu = = = 62.42 

k 0.02491 W/m.°C 

Reynolds number can be obtained from the Nusselt number relation for a flow over the cylinder 


Nu = 0.3 + t 


0.62 Re 0 ' 5 Pr 


1/3 


1/4 


62.42 = 0.3 + t 


1 + (0.4/Pr) 273 
0.62 Re 05 (0.7317) 


1 + 


1/3 


Re 


\ 5/8 


~ 1 4 / 5 


1/4 


282,000 

i + ; Re 


\ 5/8 


~ 1 4 / 5 


282,000 


+ Re = 12,856 


[l + (0.4/0.7317) 2/3 
Then using the Reynolds number relation we determine the wind velocity 
VD V (0.10 m) 


Re = 


■» 12,856 = 


v 


1.488xl0 -5 m 2 /s 


+ V = 1.91 m/s 


Flow across Tube Banks 

7 -67 C In tube banks, the flow characteristics are dominated by the maximum velocity V max that occurs 
within the tube bank rather than the approach velocity V . Therefore, the Reynolds number is defined on the 
basis of maximum velocity. 

7-68C The level of turbulence, and thus the heat transfer coefficient, increases with row number because of 
the combined effects of upstream rows in turbulence caused and the wakes formed. But there is no 
significant change in turbulence level after the first few rows, and thus the heat transfer coefficient remains 
constant. There is no change in transverse direction. 
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7-69 Combustion air is preheated by hot water in a tube bank. The rate of heat transfer to air and the 
pressure drop of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the tubes is equal to the 
temperature of hot water. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of 20°C (will be checked later) and 1 atm (Table A- 15): 
k = 0.025 14 W/m-K p = 1 .204 kg/m 3 

c p =1.007 kJ/kg-K Pr = 0.7309 


p= 1.825x1 O' 5 kg/m-s 


Pr s — Pr@ j s = 9 o°c — 0.7132 


Also, the density of air at the inlet temperature of 15°C (for use in the mass flow rate calculation at the 
inlet) is pi = 1.225 kg/m 3 . 

Analysis It is given that D = 0.021 m, S L = S T = 0.05 m, 
and V = 3.8 m/s. Then the maximum velocity and the 
Reynolds number based on the maximum velocity 
become 

S T „ 0.05 


V=3.8 m/s 
7pl5°C 


7>90°C 

\ 


V. 


max 


Sj — D 


V = 


0.05-0.021 


(3.8 m/s) = 6.552 m/s 



■> 


Re D - 


pV 'max D (1 -204 kg/m 3 X6.552 m/s)(0.02 1 m) 


p 1.825x10 5 kg/m-s 

The average Nusselt number is determined using 
the proper relation from Table 7-2 to be 

Nu d =0.27 Re ° D 63 Pr a36 (Pr/Pr v ) a25 

= 0.27(9077) 063 (0.7309) 036 (0.7309 /0.7132) 1 025 =75.60 

This Nusselt number is applicable to tube banks with N L > 16. In our case the number of rows is N L = 8, and 
the corresponding correction factor from Table 7-3 is F = 0.967 . Then the average Nusselt number and 
heat transfer coefficient for all the tubes in the tube bank become 
Nu„*, = FNu d = (0.967)(75.60) = 73.1 

k 73.1(0.02514 W/m -“C) 


= 9077 






-> 





-> 







d,n l 

Nu 


h = 


d,n l 


= 87.5 W/m -°C 


D 0.021m 

The total number of tubes is N = N L xN T = 8x8 = 64. For a unit tube length (L = 1 m), the heat transfer 
surface area and the mass flow rate of air (evaluated at the inlet) are 

4 = NjtDL = 64^(0.02 1 m)( 1 m) = 4.222 m 2 

m = m, = PjV(N T S T L) = (1 .225 kg/m 3 )(3.8 m/s)(8)(0.05 m)( 1 m) = 1 .862 kg/s 
Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer become 


T e = T s - (T s -'/’,) exp 


A s h 


me 


= 90 -(90 -15) exp 


p J 


(4.222 m 2 )(87.5 W/m 2 • °C) ^ 
(1. 862 kg/s)( 1007 J/kg-°C) 


= 28.41°C 


Ar ln = 


(T s -T { )- ( T s -T e ) (90 - 15) - (90 - 28.41) 


In [(77 - T: ) /(T. -T e )} ln[(90- 15) /(90- 28.41)] 


= 68.08°C 


Q = hA s AT ln =(87.5 W/m 2 •°C)(4.222m 2 )(68.08°C) = 25,150 W 

For this square in-line tube bank, the friction coefficient corresponding to Rq d = 9077 and SJD = 5/2.1 = 
2.38 is, from Fig. 7-27a,/= 0.22. Also, x = 1 for the square arrangements. Then the pressure drop across 
the tube bank becomes 

2 'i . , - . , 9 / X 


AP = N L f X 


PV 


max 


2 


= 8 ( 0 . 22 )( 1 ) 


(1.204 kg/m 3 )(6.552 m/s) 2 r 


2 


IN 


1 kg • m/s 


= 45.5 Pa 


Discussion The arithmetic mean fluid temperature is (T, + T e )/ 2 = (15 + 28.4)/2 = 21.7°C, which is fairly 
close to the assumed value of 20°C. Therefore, there is no need to repeat calculations. 
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7-70 Combustion air is preheated by hot water in a tube bank. The rate of heat transfer to air and the 
pressure drop of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the tubes is equal to the 
temperature of hot water. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of 20°C (will be checked later) and 1 atm (Table A- 15): 
k = 0.025 14 W/m-K p = 1 .204 kg/m 3 

c p =1.007 kJ/kg-K Pr = 0.7309 


p= 1.825x1 O' 5 kg/m-s 


Pr s — Pr@ j s = 9 o°c — 0.7132 


V. 


max 


■v = 


S t -D 0.06-0.021 
since S D > ( S T + D)I 2 


(3.8 m/s) = 5.846 m/s 


V=3.8 m/s 
7 f15°C 

> 


7>90°C 


Also, the density of air at the inlet temperature of 15°C (for use in the mass flow rate calculation at the 
inlet) is pi = 1.225 kg/m 3 . 

Analysis It is given that D = 0.021 m, S L = S T = 0.06 
m, and V = 3.8 m/s. Then the maximum velocity and 
the Reynolds number based on the maximum 
velocity become 

S T „ 0.06 


<■ 








Re D - 


pV max Z) (1 .204 kg/m 3 )(5. 846 m/s)(0.021 m) 


i-5 


= 8099 






> 


> 





M 1.825 xl0“ J kg/m-s 

The average Nusselt number is determined using the 
proper relation from Table 7-2 to be 

Nu D = 035(S T / S L ) 0 ' 2 Re£ 6 Pr 036 (Pr/ Pr s ) 025 

= 0.35(0.06 / 0.06) 02 (8099) °' 6 (0.7309) 036 (0.7309 / 0.7 1 32) 025 = 69.63 

This Nusselt number is applicable to tube banks with N L > 16. In our case the number of rows is N L = 8, and 
the corresponding correction factor from Table 7-3 is F = 0.967 . Then the average Nusselt number and 
heat transfer coefficient for all the tubes in the tube bank become 



Nu D N = FNu D = (0.967)(69.63) = 67.33 


h = 


d,n l 

Nu 


d,n l k 67.33(0.025 14 W/m • °C) 


= 80.60 W/m 2 • °C 


D 0.021m 

The total number of tubes is N = N L xN T = 8x8 = 64. For a unit tube length (L = 1 m), the heat transfer 
surface area and the mass flow rate of air (evaluated at the inlet) are 

A s = NjtDL = 64^(0.02 1 m)( 1 m) = 4.222 m 2 

m = m. = Pi V(N T S T L ) = (1.225 kg/m 3 )(3.8m/s)(8)(0.06m)(lm) = 2.234 kg/s 
Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer become 


T e =72 -(72 - ) exp 


A s h 


me 


= 90 -(90 -15) exp 


p J 


(4.222 m 2 )(80.60 W/m 2 ■°C) N 
(2.234 kg/s)( 1007 J/kg-°C) 


= 25.53°C 


Ar in = 


(T s -T t )- (T s -T e ) (90 - 15) - (90 - 25.53) 


IntCTs - T l ) !(T S - T e )] ln[(90 - 15) /(90 - 25.53)] 


= 69.60°C 


Q = hA s AT ln =(80.60 W/m 2 •°C)(4.222m 2 )(69.60°C) = 23,690 W 

For this staggered tube bank, the friction coefficient corresponding to Rq d = 8099 and Sj/D = 6/2.1 = 2.86 
is, from Fig. 7-27b,/= 0.30. Also, % = 1 for the square arrangements. Then the pressure drop across the 
tube bank becomes 

2 - . - . ** . — . . i e - . _ x 


a P = N L fz 


pV 


max 


= 8(0.30)(1) 


(1.204 kg/m 3 )(5. 846 m/s) 2 r 


2 


IN 


1 kg • m/s 


= 49.4 Pa 


Discussion The arithmetic mean fluid temperature is (T, + T e )/ 2 = (15 +25.5)/2 = 20.3°C, which is fairly 
close to the assumed value of 20°C. Therefore, there is no need to repeat calculations. 
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7-71 Combustion air is heated by condensing steam in a tube bank. The rate of heat transfer to air, the 
pressure drop of air, and the rate of condensation of steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the tubes is equal to the 
temperature of steam. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of 35°C (will be checked later) and 1 atm (Table A- 15): 
k = 0.02625 W/m-K p = 1 . 145 kg/m 3 

c p =1.007 kJ/kg-K Pr = 0.7268 

/.i = 1 .895x 10" 5 kg/m-s Pr s = Pr@ Ts = 100 o C = 0.71 1 1 

Also, the density of air at the inlet temperature of 20°C (for use in the mass flow rate calculation at the 
inlet) is pi = 1.204 kg/m 3 . The enthalpy of vaporization of water at 100°C is hj g = 2257 kJ/kg-K (Table A- 
9). 

Analysis (a) It is given that D = 0.016 m, S L = S T = 0.04 
m, and V = 5.2 m/s. Then the maximum velocity and the 
Reynolds number based on the maximum velocity 

become V=5.2 m/s 

„ 0.04 .. __ . r i= 20°C 


►L 


7>100°C 


<- 


V. 


max 


Sf — D 


V = 


0.04-0.016 
since S D > (S T + D) / 2 


(5.2 m/s) = 8.667 m/s 




■> 


■> 



5 


T 



Re D - 


pV max D (1.145 kg/m 3 )(8. 667 m/s)(0.016m) 


A 1.895x10 5 kg/m-s 

The average Nusselt number is determined using the 
proper relation from Table 7-2 to be 

Nu D = 035(S t / S l ) 0 ' 2 Re£ 6 Pr 0 ' 36 (Pr/Pr v ) a25 

= 0.35(0.04 / 0.04) 02 (8379) 06 (0.7268) 036 (0.7268 / 0.71 1 1) 025 = 70.87 

Since N L =20, which is greater than 16, the average Nusselt number and heat transfer coefficient for all the 
tubes in the tube bank become 


= 8379 






■> 


■> 




D 




Nu 


h = 


d,n l 

Nu 


= Nu d =70.87 


d,n l k 70.87(0.02625 W/m • °C) 


= 1 16.3 W/m 2 • °C 


D 0.016 m 

The total number of tubes is N = N L xN T = 20x10 = 200. For a unit tube length (L = 1 m), the heat transfer 
surface area and the mass flow rate of air (evaluated at the inlet) are 

A s = NnDL = 200^(0.016 m)( 1 m) = 10.05 m 2 

m = rhj = p;V(N T S T L) = (1.204 kg/m 3 )(5.2 m/s)(10)(0.04 m)(l m) = 2.504 kg/s 
Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer become 


T e =T S - (T s -7',) exp 


AJt_ 

me 


= 100 -(100 -20) exp 


(10.05 m 2 )(l 16.3 W/m 2 -°C) X 


Ar ln = 


(2.504 kg/s)( 1007 J/kg-°C) 

V. 

(100 -20) -(100 -49.68) 


p ) 

ln[(r t - T, ) /(T - T )] In [(100 - 20) /(100 - 49.68)] 


= 49.68°C 


= 64.01°C 


Q = hA,AT, n = (116.3 W/m 2 •°C)(10.05m 2 )(64.02°C) =74,830 W 
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(, b ) For this staggered tube bank, the friction coefficient corresponding to Re D = 8379 and Sj/D = 4/1.6 = 

2.5 is, from Fig. 7-27b,/= 0.33. Also, % = 1 for the square arrangements. Then the pressure drop across the 
tube bank becomes 


A P = N L f X 


= 20(0.33)(1) 


(1.145 kg/m 3 )(8.667 m/s) 2 


1 kg • m/s 


(c) The rate of condensation of steam is 


Q ^cond^ 


cond'vg @ 100°C 


l fg@\00 


74.83 kW 

o C ~~ 2257 kJ/kg • °C 


= 0.0332 kg/s = 1.99 kg/min 


Discussion The arithmetic mean fluid temperature is (T, + T e )/ 2 = (20 + 49.7)/2 = 34.9°C, which is very 
close to the assumed value of 35 °C. Therefore, there is no need to repeat calculations. 
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7-72 Combustion air is heated by condensing steam in a tube bank. The rate of heat transfer to air, the 
pressure drop of air, and the rate of condensation of steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the tubes is equal to the 
temperature of steam. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of 35°C (will be checked later) and 1 atm (Table A- 15): 
k = 0.02625 W/m-K p = 1 . 145 kg/m 3 

c p =1.007 kJ/kg-K Pr = 0.7268 

/.i = 1 .895x 10" 5 kg/m-s Pr s = Pr@ Ts = 100 o C = 0.71 1 1 

Also, the density of air at the inlet temperature of 20°C (for use in the mass flow rate calculation at the 
inlet) is pi = 1.204 kg/m 3 . The enthalpy of vaporization of water at 100°C is hj g = 2257 kJ/kg-K (Table A- 
9). 

Analysis (a) It is given that D = 0.016 m, S L = S T = 0.06 
m, and V = 5.2 m/s. Then the maximum velocity and the 
Reynolds number based on the maximum velocity 
become 

S T „ 0.06 


V=5.2 m/s 
7 f 20°C 


7>100°C 

\ 


V. 


max 


Sj — D 


V = 


0.06-0.016 


(5.2 m/s) = 7.091 m/s 



> 


Re D - 


pV max D (1.145 kg/m 3 )(7.091 m/s)(0.016 m) 


> 


JU 1.895 xl(T 5 kg/m-s 

The average Nusselt number is determined using the 
proper relation from Table 7-2 to be 

Nu n =0.27 Ren 63 Pr a36 (Pr/Pr v ) 025 


= 6855 














D 


D 

= 0.27(6855 ) 063 (0.7268) 036 (0.7268 / 0.7 1 1 1 ) 025 = 63 . 1 7 




Since N L =20, which is greater than 16, the average Nusselt number and heat transfer coefficient for all the 
tubes in the tube bank become 


Nu 


h = 


d,n l 

Nu 


= Nu d =63.17 


D,N L k 63.17 (0.02625 W/m • °C) 


= 103.6 W/m 2 -°C 


D 0.016 m 

The total number of tubes is N = N L xN T = 20x10 = 200. For a unit tube length (L = 1 m), the heat transfer 
surface area and the mass flow rate of air (evaluated at the inlet) are 

A s = NkDL = 200^(0.016 m)( 1 m) = 10.05 m 2 

m = rhj = PiV(N t S t L) = (1.204 kg/m 3 )(5 .2 m/s)(10)(0.06m)(lm) = 3.756 kg/s 
Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer become 


T e = T - (T s -7',) exp 


A s h 


me 


= 100 -(100 -20) exp 


(10.05 m 2 )(103.6 W/m 2 -°C) ' 


A7' ln = 


(3.756 kg/s)( 1007 J/kg-°C) 

\ 

(100 -20) -(100 -39.25) 


p J 

{T s -T t )-{T s -T e ) 

ln[(T s . -TAKT, -TA] ln[(100- 20) /(100- 39.25)] 


= 39.25°C 


= 69.93°C 


Q = hA s AT ln = (103.6 W/m 2 •°C)(10.05m 2 )(69.93°C) = 72,810W = 72.81kW 
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(b) For this in-line arrangement tube bank, the friction coefficient corresponding to Re# = 6855 and SJD = 
6/1.6 = 3.75 is, from Fig. 7-27 a,/= 0.12. Note that an accurate reading of friction factor does not seem to 
be possible in this case. Also, % = 1 for the square arrangements. Then the pressure drop across the tube 
bank becomes 


AP = N L fy 


(1.145 kg/m 3 )(7. 091 m/s) 2 


1 kg • m/s 


(c) The rate of condensation of steam is 


Q = '»cond /! 


cond'vg @ 100°C 


l fg@ 100 


_ 72.81 kW 

2257kJ/kg-°C 


= 0.0323 kg/s = 1.94 kg/min 


Discussion The arithmetic mean fluid temperature is (T, + T e )/ 2 = (20 + 43.4)/2 = 31.7°C, which is fairly 
close to the assumed value of 35 °C. Therefore, there is no need to repeat calculations. 
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7-73 Water is preheated by exhaust gases in a tube bank. The rate of heat transfer, the pressure drop of 
exhaust gases, and the temperature rise of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 For exhaust gases, air properties are used. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of 250°C (will be checked later) and 1 atm (Table A- 15): 

k = 0.04104 W/m-K p = 0.6746 kg/m 3 

c p =1.033 kJ/kg-K Pr = 0.6946 

fj = 2.76xl0' 5 kg/m-s Pr s = Pr@ t-j = 80 °c = 0.7154 


The density of air at the inlet temperature of 300°C (for use in the mass flow rate calculation at the inlet) is 
Pi = 0.6158 kg/m 3 . The specific heat of water at 80°C is 4.197 kJ/kg.°C (Table A-9). 


Analysis (a) It is given that D = 0.021 m, S L = S T = 0.08 
m, and V = 4.5 m/s. Then the maximum velocity and the 
Reynolds number based on the maximum velocity 
become 


V. 


T 


max 


Sf — D 


V = 


0.08 


0.08-0.021 


(4.5 m/s) = 6.102 m/s 


n PV™.D (0.6746 kg/m 3 )(6. 102 m/s)(0.021 m) 0100 
Re D = = = 3132 

p 2.76 x 10 -5 kg/m-s 

The average Nusselt number is determined using the 
proper relation from Table 7-2 to be 

Nu d =0.27 Re ° D 63 Pr a36 (Pr/Pr 9 ) a25 

= 0.27(3 1 32) 063 (0.6946) 036 (0.6946 / 0.7 1 54) 025 =37.46 


V=4.5 m/s 
ri=300°c 

> 

> 

> 

> 

> 


7>80°C 



Since N L =16, the average Nusselt number and heat transfer coefficient for all the tubes in the tube bank 
become 


Nu d ,n l =Nu d =37.46 


/; Nu D N L k 37.46(0.04104 W/m-°C) ?32W/m 2 o C 

D 0.021m 

The total number of tubes is N = N L xN T = 16x8 = 128. For a unit tube length (L = 1 m), the heat transfer 
surface area and the mass flow rate of air (evaluated at the inlet) are 

A s = NjtDL = 128^(0.021m)(lm) = 8.445 m 2 

m = m, = PjV(N T S T L) = (0.6 158 kg/m 3 )(4.5 m/s)(8)(0.08m)(lm) = 1.774 kg/s 
Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer become 


T e =T S -(T S -7',) exp 


4 h 




me 


= 80 -(80 -300) exp 


A4 = 


p J 

(r -r.)-(r -r ) 


(8.445 m 2 )(73.2 W/m 2 -°C)^ 


( 1 .774 kg/s )( 103 3 J/kg ■ °C) 
(80 -300) -(80 -237) 


= 237. 0°C 


In [(77 - T: ) !{T S - T e )] ln[(80 - 300) /(80 - 237)] 


= 186. 7°C 


Q = hA s AT ln =(73.2 W/m 2 •°C)(8.445m 2 )(186.7°C) = 115,430 W 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



7-60 


(, b ) For this in-line arrangement tube bank, the friction coefficient corresponding to Re D = 3132 and SJD = 
8/2.1 =3.81 is, from Fig. 7-27a,/= 0.18. Also, % = 1 for the square arrangements. Then the pressure drop 
across the tube bank becomes 


A P = N L f X 


= 16(0.18)(1) 


(0.6746 kg/m 3 )(6. 102 m/s) 2 


1 kg • m/s 


(c) The temperature rise of water is 


O — 777 (' A T 

'“water 1 " p, water L - yi water 


777 C 

water L p, water 


1 15.43 kW 

(6kg/s)(4.197 kJ/kg • °C) 


Discussion The arithmetic mean fluid temperature is (T, + T e )/ 2 = (300 + 237)/2 = 269°C, which is 
sufficiently close to the assumed value of 250°C. Therefore, there is no need to repeat calculations. 
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7-74 Water is heated by a bundle of resistance heater rods. The number of tube rows is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the rods is constant. 
Properties The properties of water at the mean temperature of (15°C +65°C)/2=40°C are (Table A-9): 
k = 0.631 W/m-K p = 992.1 kg/m 3 

c p = 4.179 kJ/kg-K Pr = 4.32 

/u = 0.653x1 O’ 3 kg/m-s Pr s = Pr@ ts = 9 o°c = 1-96 

Also, the density of water at the inlet temperature of 15°C (for use in the mass flow rate calculation at the 
inlet) is p, =999. 1 kg/m 3 . 

Analysis It is given that D = 0.01 m, S L = 0.04 m and S T 
= 0.03 m, and V = 0.8 m/s. Then the maximum velocity 
and the Reynolds number based on the maximum 
velocity become 

S T „ 0.03 


V=0.8 m/s 
7 f15°C 


7>90°C 

\ 


V. 


max 


Sj — D 


V = 


0.03-0.01 


(0.8 m/s) = 1.20 m/s 



> 


Re D = 


pV m&x D (992. 1 kg/m 3 )(1 .20 m/s)(0.01 m) 


> 


,-3 


= 18,232 




A 0.653x10 ~ kg/m-s 

The average Nusselt number is determined using the 
proper relation from Table 7-2 to be 

Nu D = 0.27 Re£ 63 Pr 036 (Pr/ Pr 5 ) 0 ' 25 

= 0.27(1 8,232) 063 (4.32) 036 ( 4.32 / 1 .96) 025 =269.3 


> 





> 


> 





Assuming that N L > 16, the average Nusselt number and heat transfer coefficient for all the tubes in the tube 
bank become 


Nu 


h = 


d,n l 

Nu 


= Nu^ =269.3 


D ,N L k 269.3(0.63 lW/m-°C) 


D 


0.01m 


= 16,994 W/m -°C 


Consider one-row of tubes in the transpose direction (normal to flow), and thus take N T = 1. Then the heat 
transfer surface area becomes 

A s = N tube nDL = (lx N L ) 71(0.01 m)(4m) = 0.1 257 N L 
Then the log mean temperature difference, and the expression for the rate of heat transfer become 


a r ln = 


(T s -T t )~ (T s -T e ) (90 - 15) - (90 - 65) 


= 45.51°C 


InKT, - T t ) l(T s - T e )] ln[(90 - 15) /(90 - 65)] 

Q = hA s AT lo =(16,994 W/m 2 • o C)(0.1257/V L )(45.51°C) =97,2207/ L 
The mass flow rate of water through a cross-section corresponding to N T =1 and the rate of heat transfer are 
m = pA c V = (999.1 kg/m 3 )(4x 0.03m 2 )(0.8 m/s) = 95.91 kg/s 

Q = me p (T e - T t ) = (95.91 kg/s)(4179 J/kg.C)(65 - 15)°C = 2.004 x 10 7 W 
Substituting this result into the heat transfer expression above we find the number of tube rows 
Q = hA s AT ln -> 2.004 x 10 7 W= 97,220 N L N L = 206 
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7-75 Air is cooled by an evaporating refrigerator. The refrigeration capacity and the pressure drop across 
the tube bank are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the tubes is equal to the 
temperature of refrigerant. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of -5°C (will be checked later) and 1 atm (Table A- 15): 
k = 0.02326 W/m-K p = 1.317 kg/m 3 

c p =1.006 kJ/kg-K Pr = 0.7375 


p= 1.705x1 O' 5 kg/m-s 


Pr s - Pr@ Ts = - 2 o°c - 0.7408 


Also, the density of air at the inlet temperature of 0°C (for use in the mass flow rate calculation at the inlet) 
is pi = 1.292 kg/m 3 . 

Analysis It is given that D = 0.008 m, S L = S T = 0.015 m, 
and V = 4 m/s. Then the maximum velocity and the 
Reynolds number based on the maximum velocity become 
S T „ 0.015 


V. 


max 


Sj — D 


V = 


0.015-0.008 


(4 m/s) =8.571 m/s 


R e„ = 


pV max D (1-317 kg/m 3 )(8.571 m/s)(0.008 m) 


p 1.705xlCT 5 kg/m-s 

The average Nusselt number is determined using 
the proper relation from Table 7-2 to be 

Nu n = 0.27 Re° n 63 Pr 0 36 (Pr/ Pr J 0 25 


= 5296 


V=4 m/s 
7 fO°C 

> 

> 

> 


7>-20°C 

\ 










D 


D 

= 0.27(5296) 063 (0.7375) 036 (0.7375 / 0.7408) 025 =53.62 





Since N L > 16. the average Nusselt number and heat transfer 
coefficient for all the tubes in the tube bank become 
Nu 




h = 


d,n l 

Nu 


= FNu d =53.62 


d,n l k 53.62(0.02326 W/m • °C) 


= 155.9 W/m 2 -°C 


D 0.008 m 

The total number of tubes is N = N L xN T = 30x15 = 450. The heat transfer surface area and the mass flow 
rate of air (evaluated at the inlet) are 

A s = NjtDL = 450^(0.008 m)(0.4 m) = 4.524 m 2 

m = m, = PjV(N T S T L) = (1.292 kg/m 3 )(4m/s)(15)(0.015m)(0.4m) = 0.4651 kg/s 

Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer 
(refrigeration capacity) become 


T e =T S -(T S ~ Tj ) exp 


A s h 


me 


= -20 - (-20 - 0) exp 


p J 


(4.524 m 2 )(155.9 W/m 2 •°C)'' 
(0.4651 kg/s )(1 006 J/kg-°C) 


= -15.57°C 


a r ln = 


(T s -T,)- (T ; -T e ) _ (-20 - 0) - [-20 - (-15.57) 


Inter, - T i ) l(T s - T e )] ln[(-20 - 0) /(-20 + 15.57)] 


= 10.33°C 


Q = hA s AT ln =(155.9 W/m 2 -°C)(4.524m 2 )(10.33°C) =7286W 

For this square in-line tube bank, the friction coefficient corresponding to Rq d = 5296 and SJD = 1.5/0. 8 = 
1.875 is, from Fig. 7-27a,/= 0.27. Also, % = 1 for the square arrangements. Then the pressure drop across 
the tube bank becomes 


A/ 3 = N L f Z 


pV 


max 


2 


= 30(0.27)(1) 


(1.317 kg/m 3 )(8.571 m/s) 2 r 


IN 


\ 


1 kg • m/s 


= 392 Pa 


Discussion The arithmetic mean fluid temperature is (T, + T e )/2 = (0 -15.6)/2 = -7.8°C, which is fairly close 
to the assumed value of -5°C. Therefore, there is no need to repeat calculations. 
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7-76 Air is cooled by an evaporating refrigerator. The refrigeration capacity and the pressure drop across 
the tube bank are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the tubes is equal to the 
temperature of refrigerant. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of -5°C (will be checked later) and 1 atm (Table A- 15): 
k = 0.02326 W/m-K p = 1 .3 16 kg/m 3 

c p =1.006 kJ/kg-K Pr = 0.7375 

fj = 1 .705x 10' 3 kg/m-s Pr s = Pr@ Ts = _ 2 o°c = 0.7408 

Also, the density of air at the inlet temperature of 0°C 
(for use in the mass flow rate calculation at the inlet) is 
Pi = 1.292 kg/m 3 . 

Analysis It is given that D = 0.008 m, S L = S T = 0.015 m, 
and V = 4 m/s. Then the maximum velocity and the 
Reynolds number based on the maximum velocity become 
S T „ 0.015 


V=4 m/s 
7 fO°C 

> 


►L 


7>-20°C 


<■ 



o 


V. 


max 


Sj — D 


V = 


0.015-0.008 


(4 m/s) = 8.571 m/s 


> 



T 



> 




Re D - 


pV max D (1.317 kg/m 3 )(8.57 1 m/s)(0.008 m) 


M 1.705 xl(T 5 kg/m-s 

The average Nusselt number is determined using the 
proper relation from Table 7-2 to be 

Nu d = 0.35(S r / S L ) 0 ' 2 Re° D 6 Pr 0 36 (Pr/Pr s ) 0 25 


= 5296 








D 




0.25 


= 53.75 


= 0.35(0.015 / 0.015) a2 (5296) 06 (0.7375) 036 (0.7375 / 0.7408) 1 

Since N L > 16. the average Nusselt number and heat transfer coefficient for all the tubes in the tube bank 
become 

Nu 


h - 


d,n l 

Nu 


= FNu d -53.75 


d,n l k 53.75(0.02326 W/m • °C) 


= 156.3 W/m 2 -°C 


D 0.008 m 

The total number of tubes is N = N L xN T = 30x15 = 450. The heat transfer surface area and the mass flow 
rate of air (evaluated at the inlet) are 

A s = NnDL = 450^(0.008 m)(0.4 m) = 4.524 m 2 

m = m t = PiV(N t S t L) = (1.292 kg/m 3 )(4m/s)(15)(0.01 5 m)(0.4m) = 0.4651kg/s 

Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer 
(refrigeration capacity) become 


T e = T S -(T S -r,.)ex p 


A s h 


me 


- -20 - (-20 - 0) exp 


p J 


(4.524m 2 )(156.3 W/m 2 -°C) 
(0.465 1 kg/s)(1006 J/kg-°C) 




= -15.59°C 


A T ln = 


(T s -T t )~ (T s -T e ) _ (-20 - 0) - [-20 - (-15.59)' 


In [(T s - T t ) /(T s - T e )] ln[(-20 - 0) /(-20 + 15.59)] 


= 10.32°C 


Q = hA s AT ln =(156.3 W/m 2 •°C)(4.524m 2 )(10.31°C) = 7290 W 

For this staggered arrangement tube bank, the friction coefficient corresponding to Re D = 5296 and SJD = 
1.5/0. 8 = 1.875 is, from Fig. 7-27b,/= 0.44. Also, % = 1 for the square arrangements. Then the pressure 
drop across the tube bank becomes 

2 .. \ 


A P = N L fx 


pv t 


max 


2 


= 30(0.44)(1) 


(1.317 kg/m 3 )(8.571 m/s) 2 r 


2 


IN 


1 kg • m/s 


= 639 Pa 


Discussion The arithmetic mean fluid temperature is (T, + T e )/ 2 = (0 -15.6)/2 = -7.8°C, which is fairly close 
to the assumed value of -5°C. Therefore, there is no need to repeat calculations. 
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7-77 Air is heated by hot tubes in a tube bank. The average heat transfer coefficient is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the tubes is constant. 
Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of 70°C and 1 atm (Table A- 15): 
k = 0.02881 W/m-K p = 1.028 kg/m 3 

c p =1.007 kJ/kg-K Pr = 0.7177 


p = 2.052x 1 0' 5 kg/m-s Pr s = Pr@ Ts = i 4 o° c = 

Analysis It is given that D = 0.02 m, S L = S T = 0.06 m, and 
V = 6 m/s. Then the maximum velocity and the Reynolds 
number based on the maximum velocity become 


V. 


T 


max 


Sf — D 


V = 


0.06 

0.06-0.02 


(6 m/s) = 9 m/s 


Re _ pV m . dX D _ (1.028kg/m 3 )(9m/s)(0.02m) _ 9Qig 

A 2.052 xlO -5 kg/m-s 

The average Nusselt number is determined using the 
proper relation from Table 7-2 to be 

Nu D = 0.27 Re o 63 Pr a36 (Pr/Pr s ) a25 

= 0.27(90 1 8) 063 (0.71 77) 036 (0.7 111! 0.704 1) 025 =74.70 


0.7041 


V=6 m/s 
7 f20°C 

> 

> 

> 

> 

> 


7>140°C 



Since N L > 16, the average Nusselt number and heat transfer coefficient for all the tubes in the tube bank 
become 

Nu DNl = Nu 7) =74.70 

H ■ A '"°- -HjL ■ 74 - 70,0 - (g881 W,m “ C) ■ 107.6 W/m 1 .-C 
D 0.02 m 
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Special Topic: Thermal Insulation 

7-78C Thermal insulation is a material that is used primarily to provide resistance to heat flow. It differs 
from other kinds of insulators in that the purpose of an electrical insulator is to halt the flow of electric 
current, and the purpose of a sound insulator is to slow down the propagation of sound waves. 


7-79C In cold surfaces such as chilled water lines, refrigerated trucks, and air conditioning ducts, 
insulation saves energy since the source of “coldness” is refrigeration that requires energy input. In this 
case heat is transferred from the surroundings to the cold surfaces, and the refrigeration unit must now 
work harder and longer to make up for this heat gain and thus it must consume more electrical energy. 


7-80C The R-v alue of insulation is the thermal resistance of the insulating material per unit surface area. 
For flat insulation the /lvalue is obtained by simply dividing the thickness of the insulation by its thermal 
conductivity. That is, R- value = L/k. Doubling the thickness L doubles the R- value of flat insulation. 


7-81 C The R-value of an insulation represents the thermal resistance of insulation per unit surface area (or 
per unit length in the case of pipe insulation). 


7-82C Superinsulations are obtained by using layers of highly reflective sheets separated by glass fibers in 
an evacuated space. Radiation between two surfaces is inversely proportional to the number of sheets used 
and thus heat loss by radiation will be very low by using this highly reflective sheets. Evacuating the space 
between the layers forms a vacuum which minimize conduction or convection through the air space. 


7-83C Yes, hair or any other cover reduces heat loss from the head, and thus serves as insulation for the 
head. The insulating ability of hair or feathers is most visible in birds and hairy animals. 


7-84C The primary reasons for insulating are energy conservation, personnel protection and comfort, 
maintaining process temperature, reducing temperature variation and fluctuations, condensation and 
corrosion prevention, fire protection, freezing protection, and reducing noise and vibration. 


7-85C The optimum thickness of insulation is the thickness that corresponds to a minimum combined cost 
of insulation and heat lost. The cost of insulation increases roughly linearly with thickness while the cost 
of heat lost decreases exponentially. The total cost, which is the sum of the two, decreases first, reaches a 
minimum, and then increases. The thickness that corresponds to the minimum total cost is the optimum 
thickness of insulation, and this is the recommended thickness of insulation to be installed. 
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7-86 The thickness of flat R- 8 insulation in SI units is to be determined when the thermal conductivity of 
the material is known. 


Assumptions Thermal properties are constant. 

Properties The thermal conductivity of the insulating material is given to 
be k = 0.04 W/m°C. 

Analysis The thickness of flat R - 8 insulation (in m .°C/W) is determined 
from the definition of /lvalue to be 

^ value = ~ -> i = ^ va i ue /t = (8m 2 .°C/W)(0.04W/m.°C) = 0.32m 
k 



7-87E The thickness of flat R - 20 insulation in English units is to be determined when the thermal 
conductivity of the material is known. 


Assumptions Thermal properties are constant. 

Properties The thermal conductivity of the insulating material is given 
to be k = 0.04 Btu/h ft °F. 

Analysis The thickness of flat R - 20 insulation (in hft 2 -°F/Btu) is 
determined from the definition of /lvalue to be 

lvalue =-->£ = R v alue^ = ( 20 h ft 2 .°F/Btll)(0.04 Btu/h.ft.°F) = 0.8 ft 
k 


R-20 


L 

< > 
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7-88 A steam pipe is to be covered with enough insulation to reduce the exposed surface temperature to 
30°C . The thickness of insulation that needs to be installed is to be determined. 


Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 The thermal contact resistance at the interface is negligible. 

Properties The thermal conductivities are given to be k = 52 W/m°C for cast iron pipe and k = 0.038 
W/m°C for fiberglass insulation. 

Analysis The thermal resistance network for this problem involves 4 resistances in series. The inner radius 
of the pipe is r x = 2.0 cm and the outer radius of the pipe and thus the inner radius of insulation is r 2 = 2.3 
cm. Letting r 3 represent the outer radius of insulation, the areas of the surfaces exposed to convection for a 
L= 1 m long section of the pipe become 


A t = 2/zrjL = 2/r(0.02 m)(l m) = 0.1257 m 2 

2 

A 3 = 2 7rr 3 L = 2 7rr 3 ( 1 m) = 2 7rr 3 m (r 3 in m) 

Then the individual thermal resistances 
are determined to be 


Ri 


Rpipc 


R i 


insulation 


R, 


T { 


T x T 7 T, 


R ; =R 


1 


1 


conv,l 


^ Aj (80 W/m 2 .°C)(0. 1257 m 2 ) 


= 0.09944 °C/W 


^1 ^pipe 


ln(r 2 !r x ) ln(0.023 / 0.02) 


-^2 -^insulation 


Rq ~ ^conv,2 


2 7± x L 2^(52 W/m.°C)(lm) 

ln(r 3 / r 2 ) ln(r 3 / 0.023) 


= 0.00043 °C/W 



2 nk 2 L 2^(0.038 W/m.°C)(l m) 

1 1 1 


= 4.188 ln(r 3 / 0.023) °C/W 


h 0 A 3 (22 W/m 2 .°C)(2^r 3 m 2 ) 138.2r 3 


5 C/W 


Noting that all resistances are in series, the total resistance is 


fl total =Rf +R x +R 2 +R 0 =0.09944 + 0.00043 + 4.1 88 ln(r 3 / 0.023) + l/(138.2r 3 )°C/W 


Then the steady rate of heat loss from the steam becomes 


T i -T 0 _ (1 10-22)°C 

R total ~ [0.09944 + 0.00043 + 4.1 88 ln(r 3 / 0.023) + l/(138.2r 3 )]°C/W 


Noting that the outer surface temperature of insulation is specified to be 30°C, the rate of heat loss can also 
be expressed as 



t,-t 0 

R„ 


(30-22)°C 

l/(138.2r 3 )°C/W 


= 1 106r 3 


Setting the two relations above equal to each other and solving for r 3 gives r 3 = 0.0362 m. Then the 
minimum thickness of fiberglass insulation required is 

t = - r 2 = 0.0362 - 0.0230 = 0.0132 m = 1.32 cm 

Therefore, insulating the pipe with at least 1.32 cm thick fiberglass insulation will ensure that the outer 
surface temperature of the pipe will be at 30°C or below. 
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7-89 EES Prob. 7-88 is reconsidered. The thickness of the insulation as a function of the maximum 
temperature of the outer surface of insulation is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_i=1 10 [C] 

T_o=22 [C] 
k_pipe=52 [W/m-C] 
r_1=0.02 [m] 
t_pipe=0.003 [m] 

T_s_max=30 [C] 
h_i=80 [W/m A 2-C] 
h_o=22 [W/m A 2-C] 
k_ins=0.038 [W/m-C] 

"ANALYSIS" 

L=1 [m] “1 m long section of the pipe is considered" 

A_i=2*pi*r_1*L 

A_o=2*pi*r_3*L 

r_3=r_2+t_ins*Convert(cm, m) "tjns is in cm" 

r_2=r_1+t_pipe 

R_conv_i=1/(h_i*A_i) 

R_pipe=ln(r_2/r_1)/(2*pi*k_pipe*L) 

R_ins=ln(r_3/r_2)/(2*pi*k_jns*L) 

R_conv_o= 1 /(h_o*A_o) 

R_total=R_conv_i+R _pipe+R_ins+R_conv_o 

Q_dot=(T_i-T_o)/R_total 

Q_dot=(T_s_max-T_o)/R_conv_o 


t™ rci 

tins [cm] 

24 

4.45 

26 

2.489 

28 

1.733 

30 

1.319 

32 

1.055 

34 

0.871 

36 

0.7342 

38 

0.6285 

40 

0.5441 

42 

0.4751 

44 

0.4176 

46 

0.3688 

48 

0.327 
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7-90 A cylindrical oven is to be insulated to reduce heat losses. The optimum thickness of insulation and 
the amount of money saved per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulation is one- 
dimensional. 3 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is 
negligible. 5 The surface temperature of the furnace and the heat transfer coefficient remain constant. 6 The 
surfaces of the cylindrical oven can be treated as plain surfaces since its diameter is greater than 1 m. 
Properties The thermal conductivity of insulation is given to be k = 0.038 W/m°C. 

Analysis We treat the surfaces of this cylindrical furnace as plain surfaces since its diameter is greater than 
1 m, and disregard the curvature effects. The exposed surface area of the furnace is 

A a = 2A base + A side = Inr 2 + 2;zrL = 2 tt( 1 .5 m) 2 + 2^(1. 5 m)(6m) = 70.69 m 2 / \ \ 

The rate of heat loss from the furnace before the insulation is installed is \ \ 

Q = h 0 A 0 (T s -7’ oo ) = (30W/m 2 .°C)(70.69m 2 )(90-27)°C = 133,600W J J 

Noting that the plant operates 52x80 = 4160 h/yr, the V-Z / 

annual heat lost from the furnace is ^insulation R a 

Q = QAt = (133.6 kJ/s)(4160x 3600 s/yr)= 2.001 x 10 9 kJ/yr r » ^VWVWVAWt Tx 
The efficiency of the furnace is given to be 78 percent. Therefore, to generate this much heat, the furnace 
must consume energy (in the form of natural gas) at a rate of 

Q m =Q! >l men = (2.001 x 10 9 kJ/yr)/0.78 = 2.565 xlO 9 kJ/yr = 24,3 14 therms/yr 

since 1 therm = 105,500 kJ. Then the annual fuel cost of this furnace before insulation becomes 
Annual Cost = Q in x Unit cost = (24,314 therm/yr)($ 0.5 0/therm) = $12,157/yr 

We expect the surface temperature of the furnace to increase, and the heat transfer coefficient to decrease 
somewhat when insulation is installed. We assume these two effects to counteract each other. Then the rate 
of heat loss for 1-cm thick insulation becomes 

A T s -T k T s -T x A a (T s -T x ) (70.69 m 2 )(90-27)°C 


Qin s = 


77 -T 


T -T 

M S OO 

D D 

*Mns ' ^conv 


0.01m 


= 15,021 W 


K 0.038 W/m.°C 30W/m 2 .°C 

Also, the total amount of heat loss from the furnace per year and the amount and cost of energy 
consumption of the furnace become 

Q ins =g ins Af = (15.021kJ/s)(4160x3600s/yr) = 2.249xl0 8 kJ/yr 

2m,ins = 2 ins 1 ^oven = ( 2 - 249 x 1()8 kJ/yr)/0.78 = 2.884 x 10 8 kJ/yr = 2734 therms 

Annual Cost = Q in?ins x Unit cost = (2734 therm/yr)($ 0.5 0/therm) = $1367/yr 

Cost savings = Energy cost w/o insulation - Energy cost w/insulation = 12,157 - 1367 = $10,790/yr 
The unit cost of insulation is given to be $10/m per cm thickness, plus $30/m for labor. Then the total 
cost of insulation becomes 

Insulation Cost = (Unit cost)(Surface area) = [($10/cm)(l cm) + $30/m 2 ](70.69 m 2 ) = $2828 

To determine the thickness of insulation whose cost is equal to annual energy savings, we repeat the 
calculations above for 2, 3, ... . 15 cm thick insulations, and list the results in the table below. 


Insulation 

thickness 

Rate of heat loss 
W 

Cost of heat lost 
$/yr 

Cost savings 
$/yr 

Insulation cost $ 

0 cm 

133,600 

12,157 

0 

0 

1 cm 

15,021 

1367 

10,790 

2828 

5 cm 

3301 

300 

11,850 

3535 

10 cm 

1671 

152 

12,005 

9189 

11 cm 

1521 

138 

12,019 

9897 

12 cm 

1396 

127 

12,030 

10,604 

13 cm 

1289 

117 

12,040 

11,310 

14 cm 

1198 

109 

12,048 

12,017 

15 cm 

1119 

102 

12,055 

12,724 


Therefore, the thickest insulation that will pay for itself in one year is the one whose thickness is 14 cm. 
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7-91 A cylindrical oven is to be insulated to reduce heat losses. The optimum thickness of insulation and 
the amount of money saved per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulation is one- 
dimensional. 3 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is 
negligible. 5 The surface temperature of the furnace and the heat transfer coefficient remain constant. 6 The 
surfaces of the cylindrical oven can be treated as plain surfaces since its diameter is greater than 1 m. 
Properties The thermal conductivity of insulation is given to be k = 0.038 W/m°C. 

Analysis We treat the surfaces of this cylindrical furnace as plain surfaces since its diameter is greater than 
1 m, and disregard the curvature effects. The exposed surface area of the furnace is 

A a = 2A base + A side = Iw 2 +2jurL = 2tt( 1 .5 m) 2 + 2k(\. 5 m)(6m) = 70.69 m 2 
The rate of heat loss from the furnace before the insulation is installed is ✓ 

Q = h 0 A 0 (T s -7’ oo ) = (30W/m 2 .°C)(70.69m 2 )(75-27)°C = 101,794W \ \ 

Noting that the plant operates 52x80 = 4160 h/yr, the I I 

annual heat lost from the furnace is \ J ^ 

Q = QAt = (101.794 kJ/s)(41 60 x 3600 s/yr) = 1.524 x 10 9 kJ/yr 

The efficiency of the furnace is given to be 78 percent. insulation R a 

Therefore, to generate this much heat, the furnace must — ^V\/VV\/W — ^l\NV~ ^°° 

consume energy (in the form of natural gas) at a rate of 

Gin ~ Q ^ 7oven = (1.524xl0 9 kJ/yr)/0.78 = 1 .954 x 10 9 kJ/yr = 18,526 therms/yr 
since 1 therm = 105,500 kJ. Then the annual fuel cost of this furnace before insulation becomes 
Annual Cost = Q in x Unit cost = (18,526 therm/yrX$ 0.5 0/therm) = $9,263/yr 

We expect the surface temperature of the furnace to increase, and the heat transfer coefficient to decrease 
somewhat when insulation is installed. We assume these two effects to counteract each other. Then the rate 
of heat loss for 1-cm thick insulation becomes 


^vwwvwvwv- 


A T s -T w T s -T w A a (T s -T„) (70.69 m~)(75-27)°C 
^ ins R tt] R +R t: ns 1 0.01m 1 

kins h o 0.038 W/m.°C 30W/m 2 .°C 

Also, the total amount of heat loss from the furnace per year and the amount and cost of energy 
consumption of the furnace become 

g ins = Q ms At = (1 1.445 kJ/s)(4 160 x 3600 s/yr) = 1.714 x 10 8 kJ/yr 

Gin.ins =2ins 1 ^oven = (1 -7 14 x 10 8 kJ/yr)/0.78 = 2.197 X 10 8 kJ/yr = 2082 therms 

Annual Cost = <2i n ins x Unit cost = (2082 therm/yrX$ 0.50/therm) = $ 1 04 1/yr 

Cost savings = Energy cost w/o insulation - Energy cost w/insulation = 9263 - 1041 = $8222/yr 
The unit cost of insulation is given to be $10/m per cm thickness, plus $30/m for labor. Then the total 
cost of insulation becomes 

Insulation Cost = (Unit cost)(Surface area) = [($10/cm)(l cm) + $30/m 2 ](70.69 m 2 ) = $2828 


T -T 

S 00 


K(t s -t x ) 


n , d 

^ins ' ^conv 


= 1 1,445 W 


To determine the thickness of insulation whose cost is equal to annual energy savings, we repeat the 
calculations above for 2, 3, ... . 15 cm thick insulations, and list the results in the table below. 


Insulation 

Thickness 

Rate of heat loss 
W 

Cost of heat lost 
$/yr 

Cost savings 
$/yr 

Insulation cost 
$ 

0 cm 

101,794 

9263 

0 

0 

1 cm 

11,445 

1041 

8222 

2828 

5 cm 

2515 

228 

9035 

3535 

9 cm 

1413 

129 

9134 

8483 

10 cm 

1273 

116 

9147 

9189 

11 cm 

1159 

105 

9158 

9897 

12 cm 

1064 

97 

9166 

10,604 


Therefore, the thickest insulation that will pay for itself in one year is the one whose thickness is 9 cm. The 
10-cm thick insulation will come very close to paying for itself in one year. 
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7-92E Steam is flowing through an insulated steel pipe, and it is proposed to add another 1-in thick layer 
of fiberglass insulation on top of the existing one to reduce the heat losses further and to save energy and 
money. It is to be determined if the new insulation will pay for itself within 2 years. 

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 The heat transfer coefficients remain constant. 5 The 
thermal contact resistance at the interface is negligible. 

Properties The thermal conductivities are given to be k = 8.7 Btu/hft-°F for steel pipe and k = 0.020 
Btu/hft°F for fiberglass insulation. 

Analysis The inner radius of the pipe is rj = 1.75 in, the outer radius of the pipe is r 2 = 2 in, and the outer 
radii of the existing and proposed insulation layers are r 3 = 3 in and 4 in, respectively. Considering a unit 
pipe length of L = 1 ft, the individual thermal resistances are determined to be 



Ri -^pipe -^insulation Ro 

r ° 

Ti T 2 T 3 


R ; =R 


1 


1 


1 


conv,l 


^1 ^pipe 


= 0.00244 h.°F/Btu 


Current Case: 


R; 


h, A i hiil^L) (30 Btu/h.ft 2 .°F)[2;r(l. 75/12 ft)(l ft)] 

ln(r 2 / r x ) _ ln(2/1.75) 

2 t± x L ~ 2^(8.7 Btu/h.ft.°F)(l ft) 

ln(r 3 / r 2 ) ln(3 / 2) 


= 0.0364 h.°F/Btu 


insulation 


2 nk m% L 2^(0.020 Btu/h.ft.°F)(l ft) 


n — J? 

iX o — ^conv,2 


1 


1 


= 3.227 h.°F/Btu 
1 


h Q A 3 h G (27rr 3 ) (5 Btu/h. ft 2 .°F)[2;r(3 / 12 ft)(l ft)] 

Then the steady rate of heat loss from the steam becomes 


= 0.1273 h.°F/Btu 


Q 


AT 


T. -77 


(300-85)°F 


current 


R 


total 


R i + ^pipe + ^ins 


(0.0364 + 0.00244 + 3.227 + 0. 1273) h.°F/Btu 


= 63.36 Btu/h 


Proposed Case: 


R ; 


ln(r 3 / r 2 ) 


ln(4 / 2) 


insulation 


R o ^conv,2 


2 t±^L 2^(0.020 Btu/h.ft.°F)(l ft) 

1 1 


= 5.516 h.°F/Btu 


ins 

1 


/z 0 A 3 h a ( 2ot- 3 ) (5 Btii/h.ft 2 .°F)[2^-(4/12 ft)(l ft)] 

Then the steady rate of heat loss from the steam becomes 


= 0.0955 h.°F/Btu 


e, 


AT 


T ; -77 


(300-85)°F 


total jv / “h iV pipe ~ riV ins lx o (0.0364 + 0.00244 + 5.5 16 + 0.0955) h.°F/Btu 


= 38.05 Btu/h 


prop R,^ R, + /? pipc + R im + R, 

Therefore, the amount of energy and money saved by the additional insulation per year are 
Qsaved = (2 prop “ ^current = 63.36 -38.05 = 25.31 Btu/h 

Gsaved = Qsaved^ = (25.3 1 Btu/h)(8760 h/yr) = 22 1,700 Btu/yr 
Money saved = <2 save d x (Unit cost) = (221,700 Btu/yr)($0.01 / 1000 Btu) = $2.22 / yr 

or $4.44 per 2 years, which is less than the $7.0 minimum required. Therefore, the criterion is not satisfied, 
and the proposed additional insulation is not justified. 
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7-93 The plumbing system of a plant involves some section of a plastic pipe exposed to the ambient air. 

The pipe is to be insulated with adequate fiber glass insulation to prevent freezing of water in the pipe. The 
thickness of insulation that will protect the water from freezing under worst conditions is to be determined. 

Assumptions 1 Heat transfer is transient, but can be treated as steady at average conditions. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 The water in the pipe is stationary, and its initial temperature 
is 15°C. 5 The thermal contact resistance at the interface is negligible. 6 The convection resistance inside 
the pipe is negligible. 

Properties The thermal conductivities are given to be k = 0.16 W/m°C for plastic pipe and Jc = 0.035 
W/m°C for fiberglass insulation. The density and specific heat of water are p = 1000 kg/nr and c p = 4.18 
kJ/kg.°C (Table A- 15). 

Analysis The inner radius of the pipe is r\ = 3.0 cm and the outer radius of the pipe and thus the inner 
radius of insulation is r 2 = 3.3 cm. We let r 3 represent the outer radius of insulation. Considering a 1-m 
section of the pipe, the amount of heat that must be transferred from the water as it cools from 15 to 0°C is 
determined to be 

m = pV = p{m-{ L) = (1000 kg/m 3 )[/r(0.03 m) 2 (1 m)] = 2.827 kg 
(7 total = mCpAT = (2.827 kg)(4. 18 kJ/kg.°C)(15 -0)°C = 177.3 kJ 


Then the average rate of heat transfer 
during 60 h becomes 

0 total 177,300 J 


Rt* 0 


-^pipe 




insulation 


R , 


Qave 


= 0.821 W 


T - JWWVMWVWV+VWWVVmWfr 


Tr 


At (60 X 3600 s) 

The individual thermal resistances are 

ln(r 2 /rj) ln(0.033/0.03) 


T i 


73 


73 


^1 - ^pipe 


A3 


2 7ik pipe L 2^(0. 16 W/m.°C)(l m) 

ln(r 3 / r 2 ) ln(r 3 / 0.033) 


insulation 


27tk 2 L 
R„ =R, 


2^(0.035 W/m.°C)(lm) 
1 1 


L conv 


= 0.0948 °C/W 
= 4.55 ln(r 3 / 0.033) °C/W 
°C/W 



h 0 A 3 (30 W/m 2 .°C)(2;zr 3 m 2 ) 188.5r 3 

Then the rate of average heat transfer from the water can be expressed as 


Q= T '~- T ° - 0.821 W = [7 - 5 - ( - 10)] ° C - r 3 =3.50m 

A total [0.0948 + 4.55 ln(r 3 / 0.033) + l/(188.5r 3 )]°C/W 

Therefore, the minimum thickness of fiberglass needed to protect the pipe from freezing is 
t = r 3 -r 2 = 3.50 - 0.033 = 3.467 m 

which is too large. Installing such a thick insulation is not practical, however, and thus other freeze 
protection methods should be considered. 
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7-94 The plumbing system of a plant involves some section of a plastic pipe exposed to the ambient air. 

The pipe is to be insulated with adequate fiber glass insulation to prevent freezing of water in the pipe. The 
thickness of insulation that will protect the water from freezing more than 20% under worst conditions is to 
be determined. 

Assumptions 1 Heat transfer is transient, but can be treated as steady at average conditions. 2 Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal properties are constant. 4 The water in the pipe is stationary, and its initial temperature 
is 15°C. 5 The thermal contact resistance at the interface is negligible. 6 The convection resistance inside 
the pipe is negligible. 

Properties The thermal conductivities are given to be k = 0.16 W/m°C for plastic pipe and k = 0.035 
W/m°C for fiberglass insulation. The density and specific heat of water are p = 1000 kg/m and C p = 4.18 
kJ/kg.°C (Table A- 15). The latent heat of freezing of water is 333.7 kJ/kg. 

Analysis The inner radius of the pipe is r\ = 3.0 cm and the outer radius of the pipe and thus the inner 
radius of insulation is r 2 = 3.3 cm. We let r 3 represent the outer radius of insulation. Considering a 1-m 
section of the pipe, the amount of heat that must be transferred from the water as it cools from 15 to 0°C is 
determined to be 


m = pV = p( /zr, 2 L) = (1000 kg/m 3 )pr(0.03 m) 2 (1 m)] = 2.827 kg 

Gtotai = mc p AT = (2.827 kg)(4.18 kJ/kg.°C)(15-0)°C = 177.3 kJ 

2 freezing = 0.2 x mh f = 0.2 x (2.827 kg)(333.7 kJ/kg) = 188.7 kJ 

2 total = 2 cooling + 2 freezing =177.3 + 188.7 = 366.0 kJ 

Then the average rate of heat 
transfer during 60 h becomes 




Q total 

At 


366,000 J 
(60x3600 s) 


1.694 W 


The individual thermal resistances are 


Rj ~ 0 ^pipe ^insulation Po 

T ' 


T i 


73 


73 


^1 — ^pipe 


In (<- 2 / h ) 

pipe 


ln(0.033 / 0.03) 
2/r(0.16 W/m.°C)(lm) 


= 0.0948 °C/W 


R 


ln(r 3 / 0.033) 


insulation 


R — R 

lx o iV conv 


ln(r 3 /r 2 ) 

2 nk 2 L 2^(0.035 W/m.°C)(l m) 

1 1 


= 4.55 ln(r 3 / 0.033) °C/W 
1 °C/W 


h„A 3 (30 W/m 2 .°C)(2^r 3 m 2 ) 188.5r 3 

Then the rate of average heat transfer from the water can be expressed as 

[7.5-(-10)]°C 


Q = Ti ' av8 T ° 1.694 W = 


R 


total 


[0.0948 + 4.55 ln(r 3 / 0.033) + 1 /(1 88.5r 3 )]°CAV 


— > a =0.3 12 m 


Therefore, the minimum thickness of fiberglass needed to protect the pipe from freezing is 
t = r 3 -r 2 = 0.3 12 - 0.033 = 0.279 m 

which is too large. Installing such a thick insulation is not practical, however, and thus other freeze 
protection methods should be considered. 
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7-74 


Review Problems 


7-95 Wind is blowing parallel to the walls of a house. The rate of heat loss from the wall is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 
atm. 

Properties Assuming a film temperature of 7f = 10°C for the 
outdoors, the properties of air are evaluated to be (Table A- 15) 

k = 0.02439 W/m.°C 

,- 5 — 2 /s Air 

V = 50 km/h 
T » 2 = 6°C 

Analysis Air flows along 8-m side. The — > 

Reynolds number in this case is 


T nl = 22°C 


v = 1.426xl0" 5 m 2 /s 
Pr = 0.7336 


Re _ VL _ [(50 x 1000/ 3600) m/s](8 m) _ 7 792;;lo6 

I—d ~ — 


■> 

■> 




V 


1.426 xl0“ 5 m 2 /s 



L = 8 m 


which is greater than the critical Reynolds number. Thus we have 
combined laminar and turbulent flow. Using the proper relation for 
Nusselt number, heat transfer coefficient is determined to be 

Nu = — = (0.037 Re L °- 8 -871)Pr 1/3 = [o.037(7.792xl0 6 ) 0 ' 8 -87l](0.7336) 1/3 =10,096 
k 


h ~ k Nil- Q - 02439 W/m - ° C /i a nnn — 'j f\ no 2 
° L 8m 


(10,096) = 30.78 W/m 2 .°C 


The thermal resistances are 


Ri 


Ri 


insulation 


R, 


A s = wL = (4 m)(8m) = 32 m 
1 1 


Tool 


-mSrWttWNfr 


T 


oo2 


R: 


' h i A s (8 W/m 2 .°C)(32 m 2 ) 
(R-33S) value 3.38 m 2 .°C/W 


= 0.0039 °C/W 


insulation 


A. 


32 m 


R„ = 


1 


1 


= 0.1056 °C/W 

= 0.0010 °c/w 


h 0 A s (30.78 W/m 2 . °C)(32m 2 ) 

Then the total thermal resistance and the heat transfer rate through the wall are determined from 
R t „,a,=Ri + R insulation + K = 0.0039 + 0. 1056 + 0.0010 = 0. 1 105 °C/W 
Q = T*-T« 2 = (22 - 6) ° C = 145 W 


R 


total 


0.1 105 °C/W 
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7-75 


7-96 A car travels at a velocity of 60 km/h. The rate of heat transfer from the bottom surface of the hot 
automotive engine block is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 Air is 
an ideal gas with constant properties. 4 The pressure of air is 1 atm. 5 The flow is turbulent over the entire 
surface because of the constant agitation of the engine block. 6 The bottom surface of the engine is a flat 
surface. 


Properties The properties of air at 1 atm and the film 
temperature of (T s + T^)/2 = (75+5)/2 = 40°C are (Table A- 15) 

k = 0.02662 W/m.°C 

v = 1.702x 10" 5 m 2 /s 
Pr = 0.7255 


Analysis The Reynolds number is 
Re _ VL [(60x1000/ 3600) m/s](0.7m) 
v 1.702xl0“ 5 m 2 /s 


6.855x10 s 


which is less than the critical Reynolds number. But we 
will assume turbulent flow because of the constant 
agitation of the engine block. 


L = 0.7 m 

< > 


Engine block 



1/3 


Nu = — = 0.037 Re L 0 ' 8 Pr 1/3 = 0.037(6.855xl0 s )°' 8 (0.7255) 1,J =1551 
k 


h = — Nu = 0-02662 W/m. °C „ „„ _ co „ 7/m2 G/ 
L 0.7 m 


(1551) = 58.97 W/m 2 .°C 


Qconr = hA s (T x -T,) = (58.97 W/m 2 .°C)[(0.6 m)(0.7 m)](75 - 5)°C = 1734 W 
The heat loss by radiation is then determined from Stefan-Boltzman law to be 


Qrad ~ £A. s Cr(T^ -T? urr ) 


= (0.92)(0.6m)(0.7m)(5.67xl0' 8 W/m 2 .K 4 )[(75 + 273K) 4 -(10 + 273 K) 4 
Then the total rate of heat loss from the bottom surface of the engine block becomes 
Qtotal = Qconv + Qrad = 1 734 + 1 8 1 = 1 91 5 W 

The gunk will introduce an additional resistance to heat dissipation from the engine. The total heat transfer 
rate in this case can be calculated from 


= 181W 


Q = 


T -T 

OO S 


(75 - 5)°C 


1 


L 


1 


(0.002 m) 


= 1668 W 


hA s kA s (58.97 W/m 2 .°C)[(0.6 m)(0.7 m)] (3 W/m.°C)(0.6 m x 0.7 m) 

The decrease in the heat transfer rate is 
1734- 1668 = 66 W (3.8%) 
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7-76 


7-97E A minivan is traveling at 60 mph. The rate of heat transfer to the van is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air flow is turbulent because of the intense vibrations involved. 5 Air is 
an ideal gas with constant properties. 5 The pressure of air is 1 atm. 

Properties Assuming a film temperature of 7}= 80°F, the 
properties of air are evaluated to be (Table A-15E) — > 

k = 0.01481 Btu/h.ft.°F > 

> 

v = 1.697 x 10" 4 ft 2 /s > 

Pr = 0.7290 

Analysis Air flows along 1 1 ft long side. The 
Reynolds number in this case is 

Re , [(60x5280/3600) ft/s](llft) _ g701;;1()6 

L v 1.697 xlO™ 4 ft 2 /s 


Air 

V= 60 mph 
T ' = 90°F 


Minivan 


L = 1 1 ft 


which is greater than the critical Reynolds number. The air flow is assumed to be entirely turbulent because 
of the intense vibrations involved. Then the Nusselt number and the heat transfer coefficient are 
determined to be 


1/3 


M/ = — = 0.037 Re L 0 ' 8 Pr 1/3 = 0.037(5. 704xl0 6 )°' 8 (0.7290) 1/J =8461 
k 


h n = — Nu = 
L 


0.01481 Btu/h.ft.°F 
lift 


(8461) = 1 1.39 Btu/h.ft 2 .°F 


Ri 


R 


insulation 



The thermal resistances are 


T<x)i 


- J WWW HVWMMWV- 


T, 


oo2 


A s = 2[(3.2 ft) (6 ft) + (3.2 ft)(l 1 ft) + (6 ft)(l 1 ft)] = 240.8 ft 2 
1 1 


R: = 


h, A s (1.2 Btu/h.ft 2 ,°F)(240.8 ft 2 ) 


= 0.0035 h.°F/Btu 


R 


(R- 3) 


value 


insulation 


A. 


R. = 


1 


3 h.ft .F/Btu 
(240.8 ft 2 ) 

1 


= 0.0125 h.°F/Btu 


= 0.0004 h.°F/Btu 


h 0 A s (l 1.39 Btu/h.ft 2 .°F)(240.8 ft 2 ) 

Then the total thermal resistance and the heat transfer rate into the minivan are determined to be 
R tot a, = R, + R insulation + R„ = 0.0035 + 0.0125 + 0.0004 = 0.01 64 h.°F/Btu 


<2 = 


^002 ^ool 


R 


total 


(90-70)°F 
0.0164 h.°F/Btu 


= 1220 Btu/h 
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7-77 


7-98 Wind is blowing parallel to the walls of a house with windows. The rate of heat loss through the 
window is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 
atm. 


Properties Assuming a film temperature of 5°C, the 
properties of air at 1 atm and this temperature are 
evaluated to be (Table A- 15) 

k = 0.02401 W/m.°C 

v = 1.382xl0" 5 m 2 /s 
Pr = 0.7350 

Analysis Air flows along 1.8 m side. The Reynolds 
number in this case is 


Air 


V = 35 km/h 
T » 2 = -2°C 


> 

> 

> 


Too! = 22°C 


WINDOW 


R e t .Vl J(35xl000/3600) m /s](1.8 m ) =12(i6xl0 ' 


V 


1.382xl0 -5 m 2 /s 


L = 1.8 m 


which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow. 
Using the proper relation for Nusselt number, heat transfer coefficient is determined to be 

Nu = — = (0.037 Re L 08 -871) Pr 1/3 = [o.037(1.266xl0 6 ) 0 ' 8 -87l](0.7350) 1/3 =1759 
k 


h = - Nl{ = 0-02401 W/m. °C „ ' _ „„_ 2 

L 1.8m 


(1759) = 23.46 W/m 2 .°C 


The thermal resistances are 

A s = 3(1.8 m)(l. 5 m) = 8.1 nT 
1 1 


Ri 


R 


cond 


R, 


R 


conv,i 


R 


cond 


R. 


hj A s (8 W/m 2 .°C)(8.1 m 2 ) 
L 0.005 m 

kA s (0.78 W/m.°C)(8.1m 2 ) 

1 1 


T " -M/WWWWVVWWWWr 

= 0.0154 °C/W 
= 0.0008 °C/W 
= 0.0053 °C/W 


T, 


co2 


C ° nV '° h a A s (23.46 W/m 2 .°C)(8.1m 2 ) 

Then the total thermal resistance and the heat transfer rate through the 3 windows become 
R,o,ai = Rcom,i + Rcond + Ko^o = 0.0154 + 0.0008 + 0.0053 = 0.0215 °C/W 
q = t ~i- t «2 = [2 2-(-2)]°C =1116w 


R 


total 


0.0215 °C/W 
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7-78 


7-99 A fan is blowing air over the entire body of a person. The average temperature of the outer surface of 
the person is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The 
pressure of air is 1 atm. 4 The average human body can be treated as a 30-cm-diameter cylinder with an 
exposed surface area of 1.7 m 2 . 

Properties We assume the film temperature to be 35°C. The 
properties of air at 1 atm and this temperature are (Table A- 15) 

k = 0.02625 W/m.°C 


v = 1.655 x 10" 5 m 2 /s 
Pr = 0.7268 

Analysis The Reynolds number is 
VD 


V= 5 m/s 
^ = 32°C 


-> 


■> 


-> 


Re = 


(5 m/s)(0.3 m) = 9 063xl|) . 


V 


1.655xl(T 5 m 2 /s 



Person, T s 
90 W 
s= 0.9 


The proper relation for Nusselt number corresponding to this Reynolds number is 

-i4/5 


Nu= — = 0.3 


0.62 Re 0 ' 5 Pr 1/3 


l + (0.4/Pr) 


2/3 


1/4 


1 + 


Re 


5/8 


282,000 


= 0.3 


0.62(9.063x 10 4 )°' 5 (0.7268) 1/3 


1 + (0.4/ 0.7268) 


2/3 


1/4 


1 + 


r 4 \ 5/8 

9.063xl0 4 A 


-.4/5 


282,000 


= 203.6 


Then 


h = = ° 02655 W,m ° C (203.6) ■ 18.02 W/mVC 

D 0.3 m 


Considering that there is heat generation in that person's body at a rate of 90 W and body gains heat by 
radiation from the surrounding surfaces, an energy balance can be written as 

Q generated ^ Q radiation ~ Q convection 


Substituting values with proper units and then application of trial & error method or the use of an equation 
solver yields the average temperature of the outer surface of the person. 

90 W + sAMTL - C ) = hA s (T, - T x ) 

90 + (0.9)(1.7)(5.67xl0~ 8 )[(40 + 273) 4 -7 S 4 ] = (18.02)(1. 7)[T S -(32 + 273)] 

> T s = 309.2 K = 36.2°C 
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7-79 


7-100 The heat generated by four transistors mounted on a thin vertical plate is dissipated by air blown 
over the plate on both surfaces. The temperature of the aluminum plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5x10 s . 3 
Radiation effects are negligible. 4 The entire plate is nearly isothermal. 5 The exposed surface area of the 
transistor is taken to be equal to its base area. 6 Air is an ideal gas with constant properties. 7 The pressure 
of air is 1 atm. 


Properties Assuming a film temperature 
of 40°C, the properties of air are 
evaluated to be (Table A- 15) 

k = 0.02662 W/m.°C 
v = 1.702xl0' 5 m 2 /s 
Pr = 0.7255 

Analysis The Reynolds number in this case is 
Re _ VL __ [(250/ 60) m/s](0.22 m) 
v 1.702xl0~ 5 m 2 /s 


V= 250 m/min 



5.386xl0 4 


which is smaller than the critical Reynolds number. Thus we have laminar flow. Using the proper relation 
for Nusselt number, heat transfer coefficient is determined to be 


Nu = — = 0.664 Re L 0 ' 5 Pr 1/3 


, k A7 0.02662 W/m.°C 

h= — Nu = 

L 0.22 m 


= 0.664(5.386xl0 4 ) 05 (0.7255) 
(138.5) = 16.75 W/m 2 .°C 


1/3 


138.5 


The temperature of aluminum plate then becomes 


Q = hA s (T s -T a0 ) >T S 



f -Q— = 20°C + (4X12)W 

hA s (16.75 W/m“.°C)[2(0.22 m) 2 ] 


50.0°C 


Discussion In reality, the heat transfer coefficient will be higher since the transistors will cause turbulence 
in the air. 
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7-101 A spherical tank used to store iced water is subjected to winds. The rate of heat transfer to the iced 
water and the amount of ice that melts during a 24-h period are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Thermal resistance of the tank is negligible. 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 
atm. 

Properties The properties of air at 1 atm pressure and the free stream temperature of 30°C are (Table A- 15) 


k = 0.02588 W/m.°C 
v = 1.608xl0’ 5 m 2 /s 
ju rX) =1.872xl0 -5 kg/m.s 

^ @ ooc =1 - 729x10 ' 5 k S /m - s 
Pr = 0.7282 

Analysis (a) The Reynolds number is 

_VD [(25 x 1000/3600) m/s](3.02m) _ | 


V=25 km/h 
T x = 30°C 

— > 


-> 




Re = 


v 


1.608xl0“ 5 m 2 /s 


= 1.304x10 


-> 


Q 



The Nusselt number corresponding to this Reynolds number is determined from 


AT hD 

Nu = = 

= 2 + 

0.4 Re 0 ' 5 + 0.06 Re 273 

Pr 0 ' 4 

f \ 

Aoo 

k 




J 


1/4 


= 2+ 0.4(1.304xl0 6 ) 0 ' 5 +0.06(1. 304 x10 6 ) 2/3 }o.7282) 


0.4 


1.872x10 

1.729x10 


-5 


x 1/4 


-5 


= 1056 


, , k AT 0.02588 W/m.°C 2 

and h = — Nu = (1056) = 9.05 W/m . C 

D 3.02 m 


The rate of heat transfer to the iced water is 

Q = hA s (T s -r x ) = h(xD 2 )(T S -T x ) = (9.05 W/m 2 .°C)[^(3.02 m) 2 ](30- 0)°C = 7779 W 
( b ) The amount of heat transfer during a 24-hour period is 
Q = QAt = (7.779 kJ/s)(24x 3600 s) = 672,000 kJ 


Then the amount of ice that melts during this period becomes 


Q = mh lf 


>m — 



672,000 kJ 
333.7 kJ/kg 


2014 kg 
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7-102 A spherical tank used to store iced water is subjected to winds. The rate of heat transfer to the iced 
water and the amount of ice that melts during a 24-h period are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 7 The 
pressure of air is 1 atm. 

Properties The properties of air at 1 atm pressure and the free stream temperature of 30°C are (Table A- 15) 
k = 0.02588 W/m.°C 
v = 1.608 xlO' 5 m 2 /s 
= 1.872 x 10 -5 kg/m.s 

^@o°c =L729x10 ' 5 k S /nLS 
Pr = 0.7282 

Analysis ( a ) The Reynolds number is 


Re = 


_ VD [(25x1000/3600) m/s](3.02m) _ 


V 


1.608xl0“ 5 m 2 /s 


= 1.304x10 



The Nusselt number corresponding to this Reynolds number is determined from 


« hD 

= 2 + 

0.4 Re 0 ' 5 + 0.06 Re 273 

Pr 04 

/ \ 
Aoc 

k 




V Ps > 


= 2+ 0.4(1.304xl0 6 ) 05 +0.06(1. 304 x10 6 ) 2/3 }o.7282) 


0.4 


1.872x10 

1.729x10 


-5 > 


-5 


1/4 


= 1056 


and 


h = ^ Nu = 0.02588 W/m. °C n _ ft Ac lir/ _ 2 c , 
D 3.02 m 


(1056) = 9.05 W/m 2 .°C 


In steady operation, heat transfer through the tank by conduction is equal to the heat transfer from the outer 
surface of the tank by convection and radiation. Therefore, 


Q = Q 


through tank 


= Q 


from tank, conv+rad 


T —T 

SyOUt S,lfl , . ry, \ , A /y 4 T ^ \ 

— — '^o^o v-* surr * s,out ) ' surr * s,out ) 


R 


where R 


sphere 

r 2 ~ r \ 


(1.51-1.50) m 


= 2.342 xl0~ 5 °C/W 


sphere 


47rkr l r 2 4^(15 W/m.°C)( 1.51 m)( 1.50 m) 


A =tiD 2 =^-(3.02m) 2 = 28.65 m 2 


Substituting, 

Q = 


T s , out -0°C 


2.34 xlO -5 °C/W 


= (9.05 W/m 2 .°C)(28.65 m 2 )(30-7 ’ i out )°C 


+ (0.75)(28.65 m 2 )(5.67xl0^ 8 W/m 2 .K 4 )[(25 + 273 K) 4 ~{T sout +273K) 4 ] 


whose solution is 

T s - 0.25°C and Q = 10,530 W = 10.53 kW 
( b ) The amount of heat transfer during a 24-hour period is 
Q = QAt = (10.53 lkJ/s)(24x 3600 s) = 909,880 kJ 
Then the amount of ice that melts during this period becomes 

Q 909,880 kJ 


Q = mh if 


-> m = 


h if 333.7 kJ/kg 


= 2727 kg 
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7-103E A cylindrical transistor mounted on a circuit board is cooled by air flowing over it. The maximum 
power rating of the transistor is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The pressure of air is 1 atm. 


Properties The properties of air at 1 atm and the film 
temperature of = (180 + 120)/ 2 = 150°F are (Table A- 15) 

k = 0.01646 Btu/h.ft.°F 

v = 2.099x 10" 4 ft 2 /s 
Pr = 0.7188 

Analysis The Reynolds number is 

Rc _ VP _ (500/60 ft/s)(0.22/12 ft) _ ?2? Q 
^ 2.099xl0“ 4 ft 2 /s 


The Nusselt number corresponding to this Reynolds number is 

-|4/5 


Nu = - = 0.3 + -r 


0.62 Re 0 ' 5 Pr 1/3 


1 + (0.4 / Pr) 


2/3 


1/4 


r 


1 + 


Re 


5/8 


0.62(727.9) 0-5 (0.7 1 88) 


= 0.3 + 


v 

1/3 


282,000 


l + (0. 4/0. 7188) 


2/3 


1/4 


1 + 


r 727.9 vV8 
282,000 


n 4/5 


Aii- 



500 ft/min 
120°F 


Power 
transistor 
D = 0.22 in 
L = 0.25 in 


= 13.72 


and h = — Nu = 
D 


0.01646 Btu/h.ft.°F 
(0.22 /12 ft) 


(13.72) = 12.32 Btu/h.ft 2 .°F 


Then the amount of power this transistor can dissipate safely becomes 
Q = hA, (T s -T x ) = h{nDL\T s - T x ) 

= (12.32 Btu/h. ft 2 ,°F)[^-(0. 22/12 ft)(0.25/12 ft)](180 -120)°C 
= 0.887 Btu/h = 0.26 W (1 W = 3.412 Btu/h) 
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7-83 


7-104 Wind is blowing over the roof of a house. The rate of heat transfer through the roof and the cost of 
this heat loss for 14-h period are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 Air is 
an ideal gas with constant properties. 4 The pressure of air is 1 atm. 


Properties Assuming a film temperature of 10°C, 
the properties of air are (Table A- 15) 

k = 0.02439 W/m.°C 

v = 1.426xl0" 5 m 2 /s 

Pr = 0.7336 


Air 

V = 60 km/h 
T^= 10°C 


Analysis The Reynolds number is 

Re VL [(60 x 1000/ 3600) m/s](20m) 2 ,, g:;1()7 

v 1.426x10 5 nr s 


which is greater than the critical Reynolds number. Thus we have 
combined laminar and turbulent flow. Then the Nusselt number and 
the heat transfer coefficient are determined to be 



,7x0.8 


1/3 


Nu = — = (0.037Re L °- 8 -871)Pr 1/3 =[0.037(2.338xl0') us - 87 1](0.7336) 1 ' J =2.542x10 
k 


, k Ar 0.02439 W/m. C 1a4x 2 

h = —Nu = (2.542 xlO 4 ) = 31.0 W/m 2 . C 

L 20 m 


In steady operation, heat transfer from the room to the roof (by convection and radiation) must be equal to 
the heat transfer from the roof to the surroundings (by convection and radiation), which must be equal to 
the heat transfer through the roof by conduction. That is, 


Q room to roof, conv+rad Qxoof, cond (2 roof to surroundings, conv+rad 


Taking the inner and outer surface temperatures of the roof to be T Stin and T s>out , respectively, the quantities 
above can be expressed as 


Q room to roof, conv+rad 


= h t A, (T room - T sM ) + eA s cj(T? oom - 7+ ) = (5 W/m 2 ,°C)(300 m 2 )(20 - T sJn )°C 
+ (0.9)(300m 2 )(5.67xl(T 8 W/m 2 .K 4 )[(20 + 273 K) 4 ~(T S Jn +273 K) 4 


e ro of ; co„d = W, Ts ' in r Ts ’°"' = (2 W/m.°C)(300 m 2 ) T ’’ i ” ^ ol " 

L 0.15m 

^roof to surr, conv+rad ~ ^o^sC^s,out ^ surr ) + sA s a(T s oul 4 - T sur 4 ) = (3 1 .0 W/m 2 .°C)(300 m 2 ){T sout -10)°C 

+ (0.9)(300 m 2 )(5. 67 xlO^ 8 W/m 2 .K 4 )[(r s out +273 K) 4 -(100 K) 4 

Solving the equations above simultaneously gives 

Q = 28,025 W = 28.03 kW, T s in = 10.6°C, and T s out = 3.5°C 


The total amount of natural gas consumption during a 14-hour period is 


Qgas 


Q total Q& (28.03 kJ/s)(14x 3600 s) 


1 therm 


0.85 0.85 0.85 ^105,500 kJ 

Finally, the money lost through the roof during that period is 
Money lost = (15.75 therms)($ 1 .20 / therm) = $18.9 


= 15.75 therms 
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7-105 Steam is flowing in a stainless steel pipe while air is flowing across the pipe. The rate of heat loss 
from the steam per unit length of the pipe is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The 
pressure of air is 1 atm. 


Properties Assuming a film temperature of 10°C, 
the properties of air are (Table A- 15) 
k = 0.02439 W/m.°C 

v = 1.426x 10" 5 m 2 /s 
Pr = 0.7336 

Analysis The outer diameter of insulated pipe is 
D a = 4. 6+2x3. 5=1 1.6 cm = 0.1 16 m. The Reynolds 
number is 

(4 m/s)(0.116m) 


Insulation 
e— 0.3 


Steel pipe 
Di = £>i=4 cm 
D 2 = 4.6 cm 


VD 

Re = — - 
v 


1.426xl0“ 5 m 2 /s 


= 3.254x10 


4 



The Nusselt number for flow across a cylinder is determined from 

1 4/5 


hD n 

Nu = — - = 0.3 


0.62 Re 0 ' 5 Pr 1/3 


l + (0.4/Pr) 


2/3 


1/4 


1 + 


Re 


X 5/8 


282,000 


Steam, 250°C 


Air 

3°C, 4 m/s 


and 


= 0.3 


K = 


0. 62(3. 254 xlO 4 ) 05 (0.7336) 1/3 


Nu = 


l + (0.4/0.7336) 2/3 
0.02439 W/m-°C 


1/4 


1 + 


r 4^5/8 

3.254xl0 4 


-|4/5 


282,000 


= 107.0 


(107.0) = 22.50 W/m 2 -°C 


D (j 0.116 m 

Area of the outer surface of the pipe per m length of the pipe is 
A a = tiD 0 L = tt( 0.1 16 m)(lm) = 0.3644 m 2 

In steady operation, heat transfer from the steam through the pipe and the insulation to the outer surface (by 
first convection and then conduction) must be equal to the heat transfer from the outer surface to the 
surroundings (by simultaneous convection and radiation). That is, 

Q ~ ^pipe and insulation — ^surface to surroundings 

Using the thermal resistance network, heat transfer from the steam to the outer surface is expressed as 

1 1 


R 


conv,i 


R 


hi A; (80 W/m 2 .°C)[;r(0.04 m)(l m)] 
ln(r 2 / r x ) ln(2.3/2) 


= 0.0995 °C/W 


R; 


pipe 2 t±L 2tt (\ 5 W/m.°C)(l m) 

ln(r 3 / r 2 ) ln(5.8/2.3) 


insulation 


and 


Q n i 


2 nkL 2^(0.038 W/m.°C)(l m) 

^ool “ T s 


= 0.0015 °C/W 


= 3.874 °C/W 


(250-r s .)°C 


pipe and ins 


Rconr,i +R pipe R insulation (0.0995 + 0.00 1 5 + 3 .874) °C/W 


Heat transfer from the outer surface can be expressed as 

Q surface to surr, conv+rad — h Q A Q (T s ~ T surr ) + eA 0 a(T s 4 -T surr 4 ) = (22.50 W/m 2 .°C)(0.3644 m 2 )^ -3)°C 


+ (0.3)(0.3644 m / X5.67xlO _s W/m^.K’)^ +273K) 1 * -(3 + 273 K)' 

Solving the two equations above simultaneously, the surface temperature and the heat transfer rate per m 
length of the pipe are determined to be 

T s = 9.9°C and Q = 60.4 W (per m length) 
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7-106 A spherical tank filled with liquid nitrogen is exposed to winds. The rate of evaporation of the liquid 
nitrogen due to heat transfer from the air is to be determined for three cases. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 4 The pressure of air is 1 atm. 

Properties The properties of air at 1 atm pressure and the free stream temperature of 20°C are (Table A- 15) 
k = 0.02514 W/m.°C 


A 


v = 1.516xl0" 5 m 2 /s 
ju ^ = 1.825 xlO -5 kg/m.s 
,, @ _i 9 6 o C = 5 -°23 xl(T 6 kg/m.s (from EES) 
Pr = 0.7309 


Insulation 


Analysis (a) When there is no insulation, 
D = Dj = 4m, and the Reynolds number is 

VD [(40 x 1000/3600) m/s](4m) 


Wind 
20°C 
40 km/h 


Re = 5 2 

v 1.516xl0 -5 m 2 /s 

The Nusselt number is determined from 


= 2.932x10 



A7 hD 

Nu = = 

= 2 + 

0.4 Re °' 5 + 0.06 Re 2/3 

Pr 04 

c \ 

Aoo 

k 






1/4 


-196°C 


= 2+ 0.4(2. 932xl0 6 ) 0 ' 5 +0.06(2.932xl0 6 ) 2/3 ](0.7309) 


0.4 


1.825x10 

5.023x10 


-5 


-6 


1/4 


= 2333 


, 7 k AT 0.02514 W/m.°C , , 2 o, 

and h = — Nu = nmA-i/i ^ w//^ ° • 

D 4m 


(2333) = 14.66 W/m 2 .°C 


The rate of heat transfer to the liquid nitrogen is 

Q = hA s (T s -T x ) = h(7rD 2 )(T S -T r J = (\ 4.66 W/m 2 .°C)[;r(4 m) 2 ][(20 - (-1 96)] °C = 1 59,200 W 
The rate of evaporation of liquid nitrogen then becomes 

Q 159.2 kJ/s 


Q = mhjj > m = 


h if 198kJ/kg 


0.804 kg/s 


( b ) Note that after insulation the outer surface temperature and diameter will change. Therefore we need to 
evaluate dynamic viscosity at a new surface temperature which we will assume to be -100°C. At -100°C, 


// = 1.189xl0 5 kg/m.s . Noting that D = D 0 = 4. 1 m, the Nusselt number becomes 
Re _VD _ [(40 x 1000/3600) m/s](4. 1 m) g 6 


V 


1.516x 10 -5 m 2 /s 


.. hD 
Nu = = 

= 2 + 

0.4 Re 05 + 0.06 Re 2/3 

Pr 0 ' 4 

r \ 

Aoo 

k 






1/4 


= 2+ 0.4(3.005xl0 6 ) 0 ' 5 + 0.06(3.005 x 10 6 ) 2/3 ](0.7309) 


0.4 


1.825x10 

1.189x10 


A 1/4 


-5 


= 1910 


and 


, k A7 0.02514 W/m.°C 2o 

h = — Nu = n n i m _ i i \\ti~* o, 

D 4.1m 


(1910) = 1 1.71 W/m 2 .°C 


The rate of heat transfer to the liquid nitrogen is 
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A =ttD 2 =7T( 4.1m) 2 = 52.81m 


Q = 


T —T 

oo . 9 ,tan£ 

D D 

** insulation ' ^conv 


T — T 

-* oo -* 5, tan k 


To - r, 


1 


47ikr { r 2 hA s 
[20-(-196)]°C 


(2.05- 2) m 


1 


= 7361 W 


4^(0.035 W/m.°C)(2.05 m)(2 m) (1 1.71 W/m 2 .°C)(52.81 m 2 ) 
The rate of evaporation of liquid nitrogen then becomes 

Q 7.361 kJ/s 


Q = mhjj > m = 


h if 198kJ/kg 


0.0372 kg/s 


(c) We use the dynamic viscosity value at the new estimated surface temperature of 0°C to be 


/u = 1.729 x 10 5 kg/m.s . Noting that D = D 0 = 4.04 m in this case, the Nusselt number becomes 
Rc _VP _ [(40 X 1000/3 600) m/s](4. 04 m) _ 2 9 61 :: 1 Q 6 


V 


1.516xl0~ 5 m 2 /s 


Ar hD 

Nu = = 

- 2 + 

0.4 Re 05 + 0.06 Re 273 

Pr 0 ' 4 

( \ 
Mcc 

k 




It's J 


1/4 


and 


= 2+ 0.4(2.961x 10 6 ) 0 ' 5 + 0.06(2.961 x 10 6 ) 2/3 ](0.7309) 


* = ±Nu = 0 - 025 14W/ m .°C = 1Q y3 w/m2 >oc 

D 4.04 m 


0.4 


1.825x10 

1.729x10 


-5 ^ 


-5 


1/4 


The rate of heat transfer to the liquid nitrogen is 
4 =;zD 2 = ;r(4.04 m) 2 = 51.28 m 2 


<2 = 


T —T 

-*oo - 1 s,tank 

D I D 

** insulation ' *^ conv 


T —T 

-*oo * s, tank 


ro -r, 


1 


4nkr { r 2 hA s 

[20-(-196)]°C 


(2.02- 2) m 


1 


= 27.4 W 


4^(0.00005 W/m.°C)(2.02m)(2m) (10.73 W/m 2 .°C)(5 1.28 m 2 ) 

The rate of evaporation of liquid nitrogen then becomes 

Q 0.0274 kJ/s . 00 „„. 4 


Q - mhjj > m = 


h if 198kJ/kg 


1.38x10 kg/s 


1724 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



7-87 


7-107 A spherical tank filled with liquid oxygen is exposed to ambient winds. The rate of evaporation of 
the liquid oxygen due to heat transfer from the air is to be determined for three cases. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 7 The pressure of air is 1 atm. 

Properties The properties of air at 1 atm pressure and the free stream temperature of 20°C are (Table A- 15) 
k = 0.02514 W/m.°C 


v = 1.516xl0" 5 m 2 /s 
jLi^ = 1.825 xlO -5 kg/m.s 
p s , @ _ i 83 o C = 6.127 xlO -6 kg/m.s (fromEES) 

Pr = 0.7309 

Analysis ( a ) When there is no insulation, 

D = D x = 4 m, and the Reynolds number is 

Rc _ VD _ [(40 x 1000/3600) m/s](4 m) _ Q , 


Wind 
20°C 
40 km/h 


v 


1.516xl(T 5 m 2 /s 


The Nusselt number is determined from 


, , hD 

= 2 + 

0.4 Re 05 + 0.06 Re 2/3 

Pr 0 ' 4 

f \ 

Aoo 

k 






1/4 


Insulation 



-183°C 


= 2+ 0.4(2. 932xl0 6 ) 0 ' 5 +0.06(2.932xl0 6 ) 2/3 ](0.7309) 


0.4 


1.825x10 


-5 T 


1/4 


6.127x10 


-6 


= 2220 


and h = — Nu = 
D 


0.02514 W/m.°C 
4m 


(2220) = 13.95 W/m 2 .°C 


The rate of heat transfer to the liquid oxygen is 

Q = hA s (T s -T x ) = h(nD 1 )(T s -T a0 ) = (13.95 W/m 2 °C)[tt(A m) 2 ][(20 - (-183)] °C = 142,372 W 
The rate of evaporation of liquid oxygen then becomes 

Q 142.4 kJ/s 


Q = ihhjj > rii — 


hjj ■ 2 1 3 kJ/kg 


0.668 kg/s 


( b ) Note that after insulation the outer surface temperature and diameter will change. Therefore we need to 
evaluate dynamic viscosity at a new surface temperature which we will assume to be -100°C. At -100°C, 


// = 1 . 1 89 x 10 5 kg/m.s . Noting that D = D 0 = 4. 1 m, the Nusselt number becomes 
Re V*>D [(40x1000/3600) m/s](4.1m) 6 


U 


1.516xl0~ 5 m 2 /s 


A7 hD 

Nu = 

= 2 + 

0.4 Re 05 + 0.06 Re 2/3 

Pr 0 ' 4 

r \ 

Poo 

k 




V Ps ) 


= 2+ 0.4(3.005xl0 6 ) 0 ' 5 + 0.06(3.005 x 10 6 ) 2/3 ](0.7309) 


0.4 


1.825x10 

1.189x10 


\l/4 


-5 


= 1910 


and 


, = 1^= 0-02514 W/m.°C 71w/m2oc 

D 4.1m 


The rate of heat transfer to the liquid nitrogen is 
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A =ttD 2 =7T( 4.1m) 2 = 52.81m 


Q = 


T —T 

oo . 9 ,tan£ 

D D 

** insulation ' ^conv 


T — T 

-* oo -* 5, tan k 


To - r, 


1 


47ikr\ r 2 hA s 
[20-(-183)]°C 


(2.05- 2) m 


1 


= 6918 W 


4^(0.035 W/m.°C)(2.05 m)(2 m) (1 1.71 W/m 2 ,°C)(52.81 m 2 ) 
The rate of evaporation of liquid nitrogen then becomes 

Q 6.918kJ/s 


Q = mhjj > m = 


h if 2 1 3 kJ/kg 


0.0325 kg/s 


(c) Again we use the dynamic viscosity value at the estimated surface temperature of 0°C to be 


fi- 1.729 x 10 5 kg/m.s . Noting that D = D 0 = 4.04 m in this case, the Nusselt number becomes 
Rc _VP _ [(40 X 1000/3 600) m/s](4. 04 m) 1q6 


V 


1.516xl0~ 5 m 2 /s 


AT hD 

Nu = = 

- 2 + 

0.4 Re 0 ’ 5 + 0.06 Re 273 

Pr 0 ' 4 

/ \ 
Aoo 

k 






1/4 


and 


= 2+ 0.4(2.961xl0 6 ) 0 ' 5 + 0.06(2.96 1 x 10 6 ) 2/3 ](0.7 13) 


* = ±Nu = 0 - 025 14W/ m .°C = 1Q y3 w/m2 >oc 

D 4.04 m 


0.4 


1.825x10 

1.729x10 


-5 


-5 


\ 1/4 


The rate of heat transfer to the liquid nitrogen is 
4 = xD 2 = ;r(4.04 m) 2 = 51.28 m 2 


<2 = 


T —T 

-*oo -*.9, tan/: 

D I D 

** insulation ' *^ conv 


T —T 

-*oo -* .?, tank 


ro -r, 


1 


4 7ikr x r 2 hA s 

[20-(-183)]°C 


(2.02- 2) m 


1 


= 25.8 W 


4^(0.00005 W/m.°C)(2.02m)(2m) (10.73 W/m 2 . °C)(5 1.28 m 2 ) 

The rate of evaporation of liquid oxygen then becomes 

Q 0.0258 kJ/s . „„. 4 


Q = mhjj > m = 


h if 213 kJ/kg 


1.21x10 kg/s 


1724 
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7-108 A circuit board houses 80 closely spaced logic chips on one side. All the heat generated is conducted 
across the circuit board and is dissipated from the back side of the board to the ambient air, which is forced 
to flow over the surface by a fan. The temperatures on the two sides of the circuit board are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5x10 s . 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 7 The pressure of air is 1 
atm. 


Properties Assuming a film temperature of 40°C, the properties of air are (Table A- 15) 
k = 0.02662 W/m.°C 


v = 1.702 x 10' 5 m 2 /s 


Pr = 0.7255 

Analysis The Reynolds number is 

VL [(300 / 60) m/s](0. 18 m) 


Q. 


l c= l 


O 


Q. 


-> 

-> 


-> 

-> 


7U = 30°C 




Re L = 


V 


1.702xl(T 5 m 2 /s 


= 5.288x10' 


-> 400 m/min 


Q 


T i 


77 


which is less than the critical Reynolds number. Therefore, the flow is laminar. Using the proper relation 
for Nusselt number, heat transfer coefficient is determined to be 


1/3 


Nu = — = 0.664 Re/' 5 Pr 1/3 = 0.664(5.288xl0 4 )°- 5 (0.7255) 1,J =137.2 
k 


, k Ar 0.02662 W/m.°C 2o 

h — — Nu = \u/ m o, 

L 0.18 m 


(137.2) = 20.29 W/m.C 


The temperatures on the two sides of the circuit board are 

Q 


Q = M s (T 2 -T x )^T 2 = T a: + 


= 30°C + 


hA 


(80x0.06) W 


■ kA s / 

<2 = -^ ( r 1 -r 2 ) ^r 1 = r 2 4 


(20.29 W/m 2 .°C)(0.12m)(0. 18m) 

QL 


= 40.95°C 


= 40.95°C + (8° x 0.06 W)(0.005 m) = 

(16 W/m.°C)(0.12 m)(0.18m) 


7-109E The equivalent wind chill temperature of an environment at 10°F at various winds speeds are 

V= lOmph: 

T equiv = 91.4 - (91 .4 - T amhient )(0.475 - 0.0203V + 0.304Vv ) 


= 91.4- [91.4 -(10°F) 

|0.475 - 0.0203(10 mph) + 0.304^10 mph J 

r 

= -9°F 
1 

R=20mph: 

T e quiv =91.4-[91.4-(10°F) 

][0.475 - 0.0203(20 mph) + 0.304^20 mph 

r i 

| = -24.9°F 

1 

V = 30 mph: 

Tequiv = 9 1 .4 - [9 1 .4 - (1 0°F) 

| [0.475 - 0.0203(30 mph) + 0.304^30 mph J 

r 

= -33.2°F 

1 

V = 40 mph: 

Tequiv = 9 1 .4 - [9 1 .4 - (1 0°F) 

][0. 47 5 - 0.0203(40 mph) + 0.304^40 mph 

| = -37.7°F 


In the last three cases, the person needs to be concerned about the possibility of freezing. 
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7-110E EES Prob. 7-109E is reconsidered. The equivalent wind chill temperatures in °F as a function of 
wind velocity is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"ANALYSIS" 

T_equiv=91 .4-(91 .4-T_ambient)*(0.475 - 0.0203*Vel+0.304*sqrt(Vel)) 


Vel [mph] 

Tambient [F] 

Tequiv [F] 

4 

20 

19.87 

8 

20 

7.688 

12 

20 

-0.3124 

16 

20 

-6.147 

20 

20 

-10.6 

24 

20 

-14.06 

28 

20 

-16.79 

32 

20 

-18.92 

36 

20 

-20.57 

40 

20 

-21.82 

4 

40 

39.91 

8 

40 

31.14 

12 

40 

25.38 

16 

40 

21.18 

20 

40 

17.97 

24 

40 

15.48 

28 

40 

13.52 

32 

40 

11.98 

36 

40 

10.79 

40 

40 

9.897 

4 

60 

59.94 

8 

60 

54.59 

12 

60 

51.07 

16 

60 

48.5 

20 

60 

46.54 

24 

60 

45.02 

28 

60 

43.82 

32 

60 

42.88 

36 

60 

42.16 

40 

60 

41.61 
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7-111 Air flows over a plate. Various quantities are to be determined at x = 0.3 m and x = x cr . 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Air is an ideal gas. 4 The plate is smooth. 5 Edge effects are negligible and the upper surface of the plate is 
considered. 

Properties The properties of air at the film temperature of (T s + T^)/2 = (65+15)/2 = 40°C are (Table A- 15) 


p = 1.127 kg/m 3 
c p = 1007 J/kg-°C 


Air 

V = 3 m/s 
T m = 15°C 


k = 0.02662 W/m.°C 

p = 1.918 x 10 -5 kg/m-s 
Pr = 0.7255 

Analysis The critical length of the plate is first determined to be 
Re cr p (5x10 5 )(1.918x 10 -5 kg/m-s) 


-> 

-> 


-> 




*cr = 


= 2.84 m 


Vp (3 m/s)( 1.127 kg/m ) 

The calculations at x = 0.3 m are 

Re _ Vxp _ (3 m/s)(0.3 m)(1.127 kg/m 3 ) gg3 
p 1.918 xlO -5 kg/m-s 

(a) Hydrodynamic boundary layer thickness, Eq. 6-5 1 : 


S = 


5x 5(0.3 m) 


= 0.0065 m 


75^7 883 

(b) Local friction coefficient, Eq. 6-54: 

C f>x =0.664 Ref /2 =0.664(52, 883) -1/2 

(c) Average friction coefficient, Eq. 7-14: 

1.33 1.33 


0.0029 


c / = 


Re 1 / 2 52,883 1/2 


0.0058 


(d) Local shear stress due to friction, Eq. 6-10: 

2 


T s= C f 


pV " -127 kg/rn 3 X3 m/s) 


2 


= (0.0058) 


2 


(e) Total drag force, Eq. 6-11: 

2 


Ff=CfA, 


pV 

2 


= (0.0058)(0.3x0.3 m 2 ) 


= 0.0293 N/m 


2 (1.127 kg/m 3 )(3 m/s) 


P = 65°C 


2 


= 0.0026 N 


(j) Thermal boundary layer thickness, Eq. 6-63: 

5x 5(0.3 m) 


S t = 


Pr 1/3 7Re7 (0.7255) 1/3 ^52,883 

(g) Local convection heat transfer coefficient, Eq. 7-19: 


= 0.0073 m 


Nu x =0.332 Re l ' 2 Pr 1/3 = 0.332(52, 883) 1/2 (0.7255) 1/3 = 68.6 
h. =^Nu„ = Q - 02662 w/m ° c (68 6) = 6 .09 W/m 2 .°C 


1/2 


.1/3 


X 


0.3 m 
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( h ) Average convection heat transfer coefficient, Eq. 7-2 1 : 

Nu = 0.664 Re 1/2 Pr 1/3 = 0.664(52, 883) 1 7 2 (0.7255) 1 7 3 =137.2 


h = — Nu x = 


0.02662 W/m.°C 
0.3 m 


(137.2) = 12.2 W/m 2 .°C 


(i) Rate of convective heat transfer, Eq. 6-2: 

Q = hA s (T s - TJ = (12.2 W/m 2 .°C)(0.3x 0.3 m 2 )(65 -15)°C = 54.9 W 
Repeating the calculations at v cr = 2.84 m, we obtain 


Re v =500,626 £ = 0.020 m 

C f = 0.001 9 T s = 0.0095 N/m 2 


d,= 0.022 m Nu x =211 

Nu = 422 h = 3.96 W/m 2 .°C 


C />A . = 0.00094 

F f = 0.0082 N 

h x =1.98 W/m 2 .°C 
0 = 169W 


7-112 Oil flows over a flat plate that is maintained at a specified temperature. The rate of heat transfer is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 
Radiation effects are negligible. 


-y 

Properties The properties of oil are given to be p = 880 kg/m , |i = 0.005 kg/m.s, k = 0.15 W/m-K, and c p = 
2.0 kJ/kg-K. 


Analysis The Prandtl and Reynolds numbers are 

Pr - - (0-005 kg/m • s)(2000 J/kg • °C) _ ^ 

X ~~T~ 0.15 W/m-°C ~ 

R e t . - 10 2 111,5)15 ■”)' 88(| kg'm i ) . n6 00Q 

M 5x10 3 kg/m-s 


Oil 

V=20 cm/s 
T 0 o = 60°C 


L = 5 m 


> 

> 

> 

> 


T k = 20°C 


which is smaller than the critical Reynolds number. Thus we have laminar flow for the entire plate. The 
Nusselt number and the heat transfer coefficient are 


Nu = 0.664 Re 1 / 2 Pr 1/3 = 0.664(176, 000) 1/2 (66.7) 1/3 = 1 130 

h = -Nu = 0,15 W/m ° C (1130) = 33.9 W/m 2 .°C 
L 5 m 


Then the rate of heat transfer is determined to be 

Q = hA s (T s -TJ = (33.9 W/m 2 .°C)(5xl m 2 )(60-20)°C = 6780 W 
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7-113 A small sphere made of lead is cooled in an air column. The terminal velocity of the sphere, the heat 
transfer coefficient for the sphere at its mean temperature, and the column height for the indicated cooling 
of the lead sphere are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 

Properties The properties of lead are given to be p = 1 1,300 kg/m 3 , k = 33 W/m-K, and c p = 0.13 kJ/kg-K. 
The properties of air at 1 atm pressure and the free stream temperature of 27°C are (Table A-15) 

k = 0.02566 W/m.°C 

v =1.580xl0' 5 m 2 /s 

-5 


p oo =1.858x10 kg/m.s 


Pi 


= 2.292x10 5 kg/m.s 


• V ’@0.5(200+54)=127°C 

Pr = 0.7290 

Analysis (a) The terminal velocity is determined from the relation given to be 



V,= 

V 


l(P~Pmr)Vg 


-] 0.5 


P 


since 


C D Pair A 

ttD 3 /6 2 


2(11,300-1.18)(9.81) 


(0.40)(1.18) 


\ 


n0.5 


— x 0.002 

3 


= 25.0 m/s 


A p nD l !\ 3 


(b) The Reynolds number is 

VD (25.0 m/s)(0.002m) 


Re = 


v 


1.580xl0“ 5 m 2 /s 


= 3167 


The Nusselt number corresponding this Reynolds number is determined to be 


x, hD „ 
Nu = = 2 + 


0.4 Re 05 + 0.06 Re 2/3 


Pr 0 ' 4 

f \ 

Aoo 


kPs) 


\ 1/4 


= 2 + [o.4(3167) 0 ' 5 + 0.06(3 167) 2 /3 ](0. 7290) 


0.4 


G.858xl(T 5 ' 


1/4 


2.292x10 


-5 


= 31.64 


Heat transfer coefficient is 


0.02566 W/m. C „ , ^ ^ ... # 2 

(3 1 .64) = 406 W/m 4 .°C 

0.002 m 

(c) For sphere, the characteristic length and the Biot number are 


h = — Nu = 
D 




{/ _ ttD s /6 _ D _ 0.002m 

^surface 6 6 


= 0.0003333 m 


_ . hL 
Bi = — - 


(406 W/m 2 .°C)(0. 0003333 m) 


= 0.0041 <0.1 


k 33 W/m.°C 

Since Bi <0.1, the lumped system analysis is applicable. Then the cooling time is determined from 
hA h 406 W/m 2 .°C 


b = 

PCpV P C p L c 

m-r 0 


oo -bt 

= e 


(1 1,300 kg/m 3 )(1 30 J/kg.°C)(0.0003333 m) 

— >t = 2.24 s 


= 0.829 s 


-l 


> ^4-27 _ ^-(0.829 s' 1 )t 

200-27 


T-T 

1 i -*00 

Then the height of the column is determined to be 
Height = VAt = (25 m/s)(2.24 s) = 56 m 
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7-114 A small sphere made of lead is cooled in an air column. The terminal velocity of the sphere, the heat 
transfer coefficient for the sphere at its mean temperature, and the column height for the indicated cooling 
of the lead sphere are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas 
with constant properties. 

Properties The properties of lead are given to be p = 1 1,300 kg/m 3 , k = 33 W/m-K, and c p = 0. 13 kJ/kg-K. 
The properties of air at 1 atm pressure and the free stream temperature of 27°C are (Table A- 15) 


A. 


k = 0.02566 W/m.°C 
v = 1.580x 10" 5 m 2 /s 
= 1.858xl0 -5 kg/m.s 
= 2.292 xlO -5 kg/m.s 


+ @0.5(200+54)=127°C 

Pr = 0.7290 

Analysis (a) The terminal velocity is determined from the relation given to be 



V t = 


2 (P~PairM 

C D Pair A p 


-] 0.5 


2(11,300-1.18)(9.81) 


(0.40)(1.18) 


\ 


n 0.5 


— x 0.005 
3 


= 28.0 m/s 


{/ ttD 5 /6 2 

since = = — D 

A p 7rD 2 / 4 3 

(b) The Reynolds number is 

VD (28.0 m/s)(0.005 m) 


Re = 


v 


1.580xl0~ 5 m 2 /s 


= 8861 


The Nusselt number corresponding to this Reynolds number is determined to be 


x, hD „ 
Nu = = 2 + 


0.4 Re 05 + 0.06 Re 2/3 


Pr 


0.4 P oo 


x 1/4 


P 


•v J 


= 2 + 


0.4(8861)°' 5 +0. 06(8861) 2 /3 ](0.7290) 


0.4 


r 0 1/4 

1.858x 10 -5 


2.292x10 


-5 


= 54.97 


Heat transfer coefficient is 


h- — Nu = 

D 


0.02566 W/m.°C 


(54.97) = 282.1 W/m 2 .°C 

0.005 m 

(c) For sphere, the characteristic length and the Biot number are 


K- 


v 


7tD 5 1 6 D 0.005 m 


A 


= 0.0008333 m 


surface 


7rD 


m= C 282 - 1 W/ m2 .°C)(0.0008333 m ) =00071<0 ! 
k 33 W/m.°C 

Since Bi <0.1, the lumped system analysis is applicable. Then the cooling time is determined from 
M h 282. 1 W/m 2 .°C 


b = 

pc p V pc p L c 
T(t)-T 0 


oo -bt 

= e 


(11,300 kg/m 3 )(1 30 J/kg.°C)(0.0008333 m) 

— >t = 8.06s 


= 0.2305 s 


-l 


> 34-27 _ ^-(0.2305 s _1 )r 
200-27 


T -T 

J l 1 oo 

Then the height of the column is determined to be 
Height = VAt = (28 m/s)(8.06 s) = 226 m 
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7-115 Square silicon chips are cooled by air flowing parallel to the row of chips. The chip with the highest 
temperature is to be identified, and the maximum power that can be dissipated per chip and the temperature 
of the 5 th chip are to be determined. Also, two cooling schemes are to be compared. 

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re cr = 5xl0 5 . 3 The 
temperature is uniform within each chip and no heat transfer occurs between adjacent chips, and T ^ is the 
same throughout the array. 

Properties The properties of air at the film temperature of {T s +T^)l 2 = (100+24)/2 = 62°C are (Table A- 15) 
k = 0.02823 W/m.°C 


v = 1.916x10 5 kg//m-s 
Pr = 0.7197 


Tsurr ^ 


10 mm 


V 

T„ 


z 


/ 1 / 2/ 3/ 4/ 5/ 6 / 7/ 8 / 9Z 10 7 




10 mm 


* a 


7 


Analysis (a) The Reynolds number is 


(30m/s)(0. lm) =L566xl()S 


v 1.916xl0 -5 m 2 /s 


which is smaller than the critical Reynolds number. Thus we have laminar flow for the entire plate. The 
convection heat transfer coefficient decreases continually in the flow direction in the laminar flow region 
(see Fig. 7-9 in the text) and therefore, the last chip with the lowest convection coefficient will have the 
highest temperature. 

(b) The local heat transfer coefficient for the last chip (chip number 1 0) is 

VL (30 m/s)(0.095m) 


Re 


0.095 m 


V 


1.916xl0" 5 m 2 /s 


= 1.487 x 10 


where the distance is taken to the middle of the chip (for average h for the chip). Then the local Nusselt 
number is 

= 0.332(1.487 x10 5 ) 1/2 (0.7197) 1/3 =114.7 


Nu 10 = 0.332 Re 0 . 095 1/2 Pr 1/3 


h = i Nu 0-02823 W/m. °C „ , , ,, _ „ , 
L 10 0.095 m 


10 _ 10 
From an energy balance 


(1 14.7) = 34.1 W/m.C 


Qio = hA(T n) - rj + sAa(T^ - T* rr ) 


= (34.1)(0.01 2 )(100-24) + (0.85)(0.01 2 )(5.67xl0 _8 )(373 4 -263 4 ) = 0.329W 
(c) The temperature of the 5 th chip is determined as follows: 

Re, 


0.045 m 


VL (30n/ S X0.045nO = , 


v 1.916xl0 _5 m 2 /s 


Nu 5 = 0.332 Re 0045 1/2 Pr 1/3 =0.332(7.046xl0 4 ) 1/2 (0.7197) 1,J =78.98 


1/3 


h 5 = — Nu 5 = 
L 


0.02823 W/m.°C 
0.045 m 


(78.98) = 49.54 W/m 2 .°C 


Qs = hA ( T 5 - TJ + Ma(T 5 4 - r 4 „.) 

0.329 = (49.54)(0.01 2 )(r 5 - 297) + (0.85)(0.01 2 )(5.67 x 10 “ s )(T 5 4 - 263 4 ) 

Solving by trial-error or using EES, we obtain 
T 5 = 353 K = 80 g C 

(i d) The cooling will be improved with the second scheme because all chips will be “front row” chips 
characterized by maximum convection heat transfer coefficient. However, for this scheme the cooling 
system will need to provide 10 times more cooling air. This means bigger fan and bigger power 
consumption. 
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7-116 Air is heated by an array of electrical heating elements. The rate of heat transfer to air and the exit 
temperature of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 

Properties The exit temperature of air, and thus the mean temperature, is not known. We evaluate the air 
properties at the assumed mean temperature of 35°C (will be checked later) and 1 atm (Table A- 15): 

k = 0.02625 W/m-K p = 1.145 kg/m 3 

c p =1.007 kJ/kg-K Pr = 0.7268 

ju= 1. 895 xlO" 5 kg/m-s Pr s = Pr @7 - S = 0.6937 

Also, the density of air at the inlet temperature of 25 °C (for use in the mass flow rate calculation at the 
inlet) is pi = 1.184 kg/m 3 . 


~r 

24 mm 

i 


e o 


e o 


Q Q 


24 mm 

◄ ► 



Analysis It is given that D = 0.012 m, S L = S T = 0.024 m, and V = 12 m/s. Then the maximum velocity and 
the Reynolds number based on the maximum velocity become 

St 24 

V max = V = (12 m/s) = 24 m/s 

S t -D 24-12 

Re (1.145 kg/m 3 )(24m/s)(0.0 12 m) ^ 1QQ 

p 1.895xl0 -5 kg/m-s 

The average Nusselt number is determined using the proper relation from Table 7-2 to be 

Nu d = 0.27 Re^ 63 Pr°- 36 (Pr/Pr v ) 0 - 25 

= 0.27(17, 400) 063 (0.7268)' 036 (0.7268/ 0.6937) 025 =114.3 

This Nusselt number is applicable to tube banks with N L > 16. In our case the number of rows is N L = 3, 
and the corresponding correction factor from Table 7-3 is F = 0.86. Then the average Nusselt number and 
heat transfer coefficient for all the tubes in the tube bank become 


Nu DyVL =FNu d =(0.86)(1 14.3) = 98.3 


h = 


Nu D ,N L k 

D 


98.3(0.02625 W/m-°C) 
0.012m 


215.0 W/m 2 -°C 


The total number of tubes is N = N L xN T =3x4= 12. The heat transfer surface area and the mass flow rate 
of air (evaluated at the inlet) are 

A s = NtjDL = 12^(0.012 m)(0.25m) = 0.1 131 m 2 
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m = m i = p i V{N T S T L) = (1.184kg/m 3 )(12m/s)(4)(0.024m)(0.25m) = 0.3410 kg/s 
Then the fluid exit temperature, the log mean temperature difference, and the rate of heat transfer become 


A s h 

T e = T s - (T s - T t ) exp 


= 350 - (350 - 25) exp - 


(0.1 131m 2 )(215.0 W/m 2 -°C) 
(0.34 10kg/s)(l 007 J/kg-°C) 


at (T s - Ti )-(T S -T e ) _ (350 -25) -(350 -47.22) _ 3p 
ln \n[(T s -Ti)/(T S -T e )] ln[(350- 25) /(350- 47.22)] 

Q = hA s AT [n =(215.0 W/m 2 ^CXO.l 131m 2 )(313.8°C) = 7630 W 
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Fundamentals of Engineering (FE) Exam Problems 


7-117 For laminar flow of a fluid along a flat plate, one would expect the largest local convection heat 
transfer coefficient for the same Reynolds and Prandtl numbers when 

(a) The same temperature is maintained on the surface 

(b) The same heat flux is maintained on the surface 

(c) The plate has an unheated section 

(d) The plate surface is polished 

(e) None of the above 


Answer (b) 


7-118 Air at 20°C flows over a 4-m long and 3-m wide surface of a plate whose temperature is 80°C with a 
velocity of 5 m/s. The length of the surface for which the flow remains laminar is 

(a) 1.5 m (b) 1.8 m (c) 2.0 m (d) 2.8 m (e) 4.0 m 

(For air, use k = 0.02735 W/m-°C, Pr = 0.7228, v =1.798xl0' 5 m 2 /s.) 

Answer (b) 1.8 m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=20 [C] 

T_s=80 [C] 

L=4 [m] 

W=3 [m] 

V=5 [m/s] 

"Properties of air at the film temperature of (80+20)/2=50C are (Table A-1 5)" 
k=0. 02735 [W/m-C] 
nu=1 .798E-5 [m A 2/s] 

Pr=0.7228 

Re_cr=5E5 

x_cr=(Re_cr*nu)/V 
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7-119 Air at 20°C flows over a 4-m long and 3-m wide surface of a plate whose temperature is 80°C with a 
velocity of 5 m/s. The rate of heat transfer from the laminar flow region of the surface is 

(a) 950 W (b) 1037 W (c) 2074 W (d) 2640 W (e) 3075 W 

(For air, use £=0.02735 W/m-°C, Pr = 0.7228, v =1.798xl0' 5 m 2 /s.) 


Answer (c) 2074 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=20 [C] 

T_s=80 [C] 

L=4 [m] 

W=3 [m] 

V=5 [m/s] 

"Properties of air at the film temperature of (80+20)/2=50C are (Table A-1 5)" 
k=0. 02735 [W/m-C] 
nu=1 .798E-5 [m A 2/s] 

Pr=0.7228 

Re_cr=5E5 

x_cr=(Re_cr*nu)/V 

Nus=0.664*Re_cr A 0.5*Pr A (1/3) 

h=k/x_cr*Nus 

A_laminar=x_cr*W 

Q_dot=h*A_laminar*(T_s-T_infinity) 

"Some Wrong Solutions with Common Mistakes" 
W_Nus=0.332*Re_cr A 0.5*Pr A (1/3) "Using local Nusselt number relation" 
W_h=k/x_cr* W_N u s 

W_Q_dot=W_h*A_laminar*(T_s-T_infinity) 
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7-120 Air at 20°C flows over a 4-m long and 3-m wide surface of a plate whose temperature is 80°C with a 
velocity of 5 m/s. The rate of heat transfer from the surface is 

(a) 7383 W (b) 8985 W (c) 11,231 W (d) 14,672 W (e) 20,402 W 

(For air, use £=0.02735 W/m-°C, Pr = 0.7228, v =1.798xl0‘ 5 m 2 /s.) 


Answer (a) 7383 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=20 [C] 

T_s=80 [C] 

L=4 [m] 

W=3 [m] 

V=5 [m/s] 

"Properties of air at the film temperature of (80+20)/2=50C are (Table A-1 5)" 
k=0. 02735 [W/m-C] 
nu=1 .798E-5 [m A 2/s] 

PM). 7228 

Re=(V*L)/nu "The calculated Re number is greater than critical number, and therefore we have 
combined laminar-turbulent flow" 

Nus=(0.037*Re A 0. 8-871 )*Pr A (1/3) 

h=k/L*Nus 

A_s=L*W 

Q_dot=h*A_s*(T_s-T_infinity) 

"Some Wrong Solutions with Common Mistakes" 

W1_Nus=0.037*Re A 0.8*Pr A (1/3) "Using turbulent flow relation" 

W1_h=k/L*W1_Nus 

W1_Q_dot=W1_h*A_s*(T_s-T_infinity) 
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2 

7-121 Air at 15°C flows over a flat plate subjected to a uniform heat flux of 300 W/nr with a velocity of 
3.5 m/s. The surface temperature of the plate 6 m from the leading edge is 

(a) 164°C (b) 68.3°C (c) 48. 1 °C (d) 46.8°C (e) 37.5°C 

(For air, use *=0.02551 W/m-°C, Pr = 0.7296, v =1.562xl0‘ 5 m 2 /s.) 


Answer (d) 46.8°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=15 [C] 
q_dot=300 [W/m A 2] 

V=3.5 [m/s] 
x=6 [m] 

"Properties of air at 25 C are (Table A-15)" 
k=0. 02551 [W/m-C] 
nu=1 .562E-5 [m A 2/s] 

PM). 7296 

Re_x=(V*x)/nu "The calculated Re number is greater than critical number, and therefore we have 
turbulent flow at the specified location" 

Nus=0.0308*Re_x A 0.8*Pr A (1/3) 

h=k/x*Nus 

q_dot=h*(T_s-T_infinity) 

"Some Wrong Solutions with Common Mistakes" 

W1_Nus=0.453*Re_x A 0.5*Pr A (1/3) "Using laminar flow Nusselt number relation for q_dot = 
constant" 

W1_h=k/x*W1_Nus 

q_dot=W1_h*(W1_T_s-T_infinity) 

W2_Nus=0.0296*Re_x A 0.8*Pr A (1/3) "Using turbulent flow Nusselt number relation for T_s = 
constant" 

W2_h=k/x*W2_Nus 

q_dot=W2_h*(W2_T_s-T_infinity) 
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7-122 Water at 75°C flows over a 2-m-long, 2-m-wide surface of a plate whose temperature is 5°C with a 
velocity of 1.5 m/s. The total drag force acting on the plate is 

(a) 2.8 N (b) 12.3 N (c)13.7N (d)15.4N (e) 20.0 N 

(For air, use v =0.658x 10" 6 m 2 /s, p = 992 kg/m 3 .) 

Answer (c) 13.7 N 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=75 [C] 

T_s=5 [C] 

L=2 [m] 

W=2 [m] 

V=1 .5 [m/s] 

"Properties of water at the film temperature of (75+5)/2=40C are (Table A-9)" 
nu=0.658E-6 [m A 2/s] 
rho=992 [kg/m A 3] 

Re=(V*L)/nu "The calculated Re number is greater than critical number, and therefore we have 
combined laminar-turbulent flow" 

C_f=0.074/Re A (1/5)-1 742/Re 
A_s=L*W 

F_D=C_f*A_s*(rho*V A 2)/2 

"Some Wrong Solutions with Common Mistakes" 

W1_C_f=0.074/Re A (1/5) "Using turbulent flow relation" 

W1_F_D=W1_C_f*A_s*(rho*V A 2)/2 

W2_C_f=1 ,328/Re A (1/2) "Using laminar flow relation" 

W2_F_D=W2_C_f*A_s*(rho*V A 2)/2 

W3_C_f=0.0592/Re A (1/5) "Using local turbulent flow relation" 
W3_F_D=W3_C_f*A_s*(rho*V A 2)/2 
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7-123 Engine oil at 105°C flows over the surface of a flat plate whose temperature is 15°C with a velocity 
of 1.5 m/s. The local drag force per unit surface area 0.8 m from the leading edge of the plate is 

(a) 21.8 N/m 2 (b) 14.3 N/m 2 (c) 10.9 N/m 2 (d) 8.5 N/m 2 (e) 5.5 N/m 2 

(For oil, use v =8.565x10'^ m 2 /s ,p = 864 kg/m 3 .) 


Answer (e) 5.5 N/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=1 05 [C] 
T_s=15 [C] 

V=1 .5 [m/s] 
x=0.8 [m] 


"Properties of oil at the film temperature of (105+15)/2=60C are (Table A-13)" 
rho=864 [kg/m A 3] 
nu=8.565E-5 [m A 2/s] 

Re_x=(V*x)/nu "The calculated Re number is smaller than the critical number, and therefore we 
have laminar flow" 

C_f_x=0.664/Re_x A (1/2) 

F_D=C_f_x*(rho*V A 2)/2 

"Some Wrong Solutions with Common Mistakes" 

W1_C_f_x=0.0592/Re_x A (1/5) "Using local turbulent flow relation" 
W1_F_D=W1_C_f_x*(rho*V A 2)/2 

W2_C_f_x=1 .328/Re_x A (1/2) "Using average laminar flow relation" 
W2_F_D=W2_C_f_x*(rho*V A 2)/2 
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7-124 Air at 25°C flows over a 5-cm-diameter, 1.7-m-long pipe with a velocity of 4 m/s. A refrigerant at 
-15°C flows inside the pipe and the surface temperature of the pipe is essentially the same as the 
refrigerant temperature inside. Air properties at the average temperature are k= 0.0240 W/m°C, Pr = 0.735, 
v = 1.382x10" nr/s. The rate of heat transfer to the pipe is 

(a) 343 W (b) 419 W (c) 485 W (d) 547 W (e) 610 W 

Answer (a) 343 W 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_infinity=25 [C] 

T_s=-15 [C] 

D=0.05 [m] 

L=1 .7 [m] 

V=4 [m/s] 

"Properties of air at the film temperature of (25-1 5)/2=5 C are (Table A-1 5)" 
k=0.0240 [W/m-C] 
nu=1 .382E-5 [m A 2/s] 

Pr=0.735 

Re=(V*D)/nu 

Nus=0.3+(0.62*Re A (1/2)*Pr A (1/3))/(1 +(0.4/Pr) A (2/3)) A (1/4)*(1+(Re/282000) A (5/8)) A (4/5) 

h=k/D*Nus 

A_s=pi*D*L 

Q_dot=h*A_s*(T_infinity-T_s) 


7-125 Air at 25°C flows over a 5-cm-diameter, 1.7-m-long smooth pipe with a velocity of 4 m/s. A 
refrigerant at -15°C flows inside the pipe and the surface temperature of the pipe is essentially the same as 
the refrigerant temperature inside. The drag force exerted on the pipe by the air is 

(a) 0.4 N (b)l.lN (c) 8.5 N (d) 13 N (e)18N 

(For air, use v =1.382xl0" 5 m 2 /s, p = 1.269 kg/m 3 .) 

Answer (b) 1.1 N 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_infinity=25 [C] 

T_s=-15 [C] 

D=0.05 [m] 

L=1 .7 [m] 

V=4 [m/s] 

"Properties of air at the film temperature of (25-1 5)/2=5 C are (Table A-1 5)" 
rho=1 .269 [kg/m A 3] 
nu=1 .382E-5 [m A 2/s] 

Re=(V*D)/nu "The drag coefficient corresponding to the calculated Re = 14,472 is (Fig. 7-17)" 

C_D=1 .3 

A=L*D 

F D=C D*A*rho*V A 2/2 
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7-105 


7-126 Kitchen water at 10°C flows over a 10-cm-diameter pipe with a velocity of 1.1 m/s. Geothermal 
water enters the pipe at 90°C at a rate of 1.25 kg/s. For calculation purposes, the surface temperature of the 
pipe may be assumed to be 70°C. If the geothermal water is to leave the pipe at 50°C, the required length of 
the pipe is 

(a) 1.1m (b) 1.8 m (c) 2.5 m (d) 4.3 m (e) 7.6 m 

(For both water streams, use k = 0.631 W/m-°C, Pr = 4.32, v =0.658xl0' 6 m 2 /s, c p = 4179 J/kg-°C.) 


Answer (d) 4.3 m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_infinity=10 [C] 

D=0.1 0 [m] 

V=1 .1 [m/s] 

T_s=70 [C] 

T_geo_in=90 [C] 

T_geo_out=50 [C] 
m_dot_geo=1 .25 [kg/s] 

"Properties of water at the film temperature of (1 0+70)/2=40 C are (Table A-9)" 
k=0.631 [W/m-C] 

Pr=4.32 

c_p=41 79 [J/kg-C] 
nu=0.658E-6 [m A 2/s] 

Re=(V*D)/nu 

Nus=0.3+(0.62*Re A (1/2)*Pr A (1/3))/(1 +(0.4/Pr) A (2/3)) A (1/4)*(1+(Re/282000) A (5/8)) A (4/5) 

h=k/D*Nus 

q=h*(T_s-TJnfinity) 

Q_dot=m_dot_geo*c_p*(T_s-T_infinity) 

A_s=Q_dot/q 

L=A_s/(pi*D) 
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7-106 


7-127 Ambient air at 20°C flows over a 30-cm-diameter hot spherical object with a velocity of 2.5 m/s. If 
the average surface temperature of the object is 200°C, the average convection heat transfer coefficient 
during this process is 

(a) 5.0 W/m 2 -°C (b) 6. 1 W/nr-°C (c) 7.5 W/m 2 -°C (d) 9.3 W/nr-°C (e) 1 1 .7 W/m 2 -°C 

(For air, use £=0.02514 W/m-°C, Pr = 0.7309, v =1.516xl0' 5 nr/s, //*,=1.825xl0' 5 kg/m-s, ju s = 2.577xl0' 5 
kg/m-s.) 


Answer (e) 11.7 W/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.3 [m] 

T_infinity=20 [C] 

T_s=200 [C] 

V=2.5 [m/s] 

"Properties of air at the tree-stream temperature of 20 C are (Table A-15)" 
k=0. 02514 [W/m-C] 
nu=1.516E-5 [m A 2/s] 

Pr=0.7309 

mu_infinity=1 .825E-5 [kg/m-s] 

mu_s=2.577E-5 [kg/m-s] 'at the surface temperature of 200 C" 
Re=(V*D)/nu 

Nus=2+(0.4*Re A (1/2)+0.06*Re A (2/3))*Pr A 0.4*(muJnfinity/mu_s) A (1/4) 

h=k/D*Nus 
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7-107 


7-128 Wind at 30°C flows over a 0.5-m-diameter spherical tank containing iced water at 0°C with a 
velocity of 25 km/h. If the tank is thin-shelled with a high thermal conductivity material, the rate at which 
ice melts is 

(a)4.78kg/h (b) 6.15 kg/h (c) 7.45 kg/h (d)11.8kg/h (e) 16.0 kg/h 

(Take h if = 333.7 kJ/kg and use the following for air: ^=0. 02588 W/m-°C, Pr = 0.7282, v =1.608xl0' 5 m 2 /s, 
jUoo=l. 872xl0" 5 kg/m-s, ju s = 1.729xl0' 5 kg/m-s) 

Answer (a) 4.78 kg/h 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.5 [m] 

T_infinity=30 [C] 

T_s=0 [C] 

V=25 [km/h]*Con vert(km/h , m/s) 

"Properties of air at the tree-stream temperature of 30 C are (Table A-15)" 
k=0. 02588 [W/m-C] 
nu=1 .608E-5 [m A 2/s] 

Pr=0.7282 

mu_infinity=1 .872E-5 [kg/m-s] 

mu_s=1 .729E-5 [kg/m-s] 'at the surface temperature of 0 C" 

Re=(V*D)/nu 

Nus=2+(0.4*Re A (1/2)+0.06*Re A (2/3))*Pr A 0.4*(muJnfinity/mu_s) A (1/4) 

h=k/D*Nus 

A_s=pi*D A 2 

Q_dot=h*A_s*(T_infinity-T_s)*Convert(W, kW) 
h_if=333.7 [kJ/kg] "Heat of fusion of water at 0 C" 
m_dot_cond=Q_dot/h_if*Convert(kg/s, kg/h) 


7-129 Air ( k = 0.028 W/m-K, Pr = 0.7) at 50°C flows along aim long flat plate whose temperature is 
maintained at 20°C with a velocity such that the Reynolds number at the end of the plate is 10,000. The 
heat transfer per unit width between the plate and air is 

(a) 20 W/m (b) 30 W/m (c) 40 W/m (d) 50 W/m (e) 60 W/m 
Answer (d) 50 W/m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

Re= 10000 
Pr=0.7 
1=1 [m] 

k=0.028 [W/m-K] 

Ta=50 [C] 

Tp=20 [C] 

h=0.664*k*Re A 0.5*Pr A 0. 333/1 
Q=hT(Ta-Tp) 
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7-130 Air (Pr = 0.7, k = 0.026 W/m-K) at 200°C flows across 2 cm-diameter tubes whose surface 
temperature is 50°C with a Reynolds number of 8000. The Churchill and Bernstein convective heat transfer 


correlation for the average Nusselt number in this situation is Nu = 0.3 


0.62Re° 5 Pr 033 


1 + (0.4 / Pr) 


0.67 


0.25 


. The average 


heat flux in this case is 

(a) 8.5 kW/m 2 (b) 9.7 kW/m 2 (c) 10.5 kW/m 2 (d) 12.2 kW/m 2 (e) 13.9 kW/m 2 


Answer (a) 8.5 kW/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Pr=0.7 

k=0.026 [W/m-K] 

Re=8000 
dT=150 [K] 

D=0.02 [m] 

Nusselt=0. 3+0. 62*Re A 0.5*Pr A 0. 33/(1 +(0.4/Pr) A 0.67) A 0. 25 
Q=k*Nusselt*dT/D 


7-131 Jakob suggests the following correlation be used for square tubes in a liquid cross-flow situation: 
Nu = 0.102Re° 675 Pr 1 3 . Water ( k = 0.61 W/m-K, Pr = 6) flows across a 1 cm square tube with a 
Reynolds number of 10,000. The convection heat transfer coefficient is 

(a) 5.7 kW/m 2 K (b) 8.3 kW/m 2 -K (c) 1 1.2 kW/m 2 -K (d) 15.6 kW/m 2 -K (e) 18.1 kW/m 2 -K 


Answer (a) 5.7 kW/m 2 -K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

k=0.61 [W/m-K] 

Pr = 6 
L=0.01 [m] 

Re=10000 

Nus=0.102*Re A 0.675*Pr A 0.333 

h=Nus*k/L 
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7-132 Jakob suggests the following correlation be used for square tubes in a liquid cross-flow situation: 
Nu = 0.102Re 0-675 Pr 13 . Water ( k = 0.61 W/m-K, Pr = 6) at 50°C flows across a 1 cm square tube with a 
Reynolds number of 10,000 and surface temperature of 75°C. If the tube is 2 m long, the rate of heat 
transfer between the tube and water is 

(a) 6.0 kW (b) 8.2 kW (c)11.3kW (d)15.7kW (e) 18.1 kW 


Answer (c) 1 1.3 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

k=0.61 [W/m-K] 

Pr = 6 
L=0.01 [m] 

Lg=2 [m] 

DT=25 [K] 

Re=10000 

Nus=0.1 02*Re A 0.675*Pr A 0.333 

h=Nus*k/L 

Q=4*L*Lg*h*DT 


7-133 .... 7-137 Design and Essay Problems 
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Chapter 8 

INTERNAL FORCED CONVECTION 


8-1 


General Flow Analysis 


8-1C Liquids are usually transported in circular pipes because pipes with a circular cross-section can 
withstand large pressure differences between the inside and the outside without undergoing any distortion. 


Re = 


where = 


8-2C Reynolds number for flow in a circular tube of diameter D is expressed as 

m m 4 lit , u 

= = — and v = — 

c p(nD~ / 4) prcD- p 

Substituting, 

V n ., n D 4mD 4m 


y_^D_ 

v 


Re = 


avg 


v pnD 2 (ju / p) xDp 


m, V. 


avg 



8-3C Engine oil requires a larger pump because of its much larger density. 

8-4C The generally accepted value of the Reynolds number above which the flow in a smooth pipe is 
turbulent is 4000. 


8-5C For flow through non-circular tubes, the Reynolds number as well as the Nusselt number and the 

4 a 

friction factor are based on the hydraulic diameter D h defined as D h = — — where A c is the cross-sectional 

P 

area of the tube and p is its perimeter. The hydraulic diameter is defined such that it reduces to ordinary 


diameter D for circular tubes since D h = 


4A r 4 ttD 2 / 4 


P 


nD 


= D . 


8-6C The region from the tube inlet to the point at which the boundary layer merges at the centerline is 
called the hydrodynamic entry region , and the length of this region is called hydrodynamic entry length. 
The entry length is much longer in laminar flow than it is in turbulent flow. But at very low Reynolds 
numbers, L h is very small (L h = 1.2 D at Re = 20). 

8-7C The friction factor is highest at the tube inlet where the thickness of the boundary layer is zero, and 
decreases gradually to the fully developed value. The same is true for turbulent flow. 

8-8C In turbulent flow, the tubes with rough surfaces have much higher friction factors than the tubes with 
smooth surfaces. In the case of laminar flow, the effect of surface roughness on the friction factor is 
negligible. 

8-9C The friction factor /remains constant along the flow direction in the fully developed region in both 
laminar and turbulent flow. 

8-10C The fluid viscosity is responsible for the development of the velocity boundary layer. For the 
idealized inviscid fluids (fluids with zero viscosity), there will be no velocity boundary layer. 
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8-2 


8-11C The number of transfer units NTU is a measure of the heat transfer area and effectiveness of a heat 
transfer system. A small value of NTU (NTU < 5) indicates more opportunities for heat transfer whereas a 
large NTU value (NTU >5) indicates that heat transfer will not increase no matter how much we extend the 
length of the tube. 

8-12C The logarithmic mean temperature difference AT ln is an exact representation of the average 

temperature difference between the fluid and the surface for the entire tube. It truly reflects the exponential 
decay of the local temperature difference. The error in using the arithmetic mean temperature increases to 
undesirable levels when A T e differs from A T t by great amounts. Therefore we should always use the 

logarithmic mean temperature. 

8-13C The region of flow over which the thermal boundary layer develops and reaches the tube center is 
called the thermal entry region, and the length of this region is called the thermal entry length. The region 
in which the flow is both hydrodynamic ally (the velocity profile is fully developed and remains 
unchanged) and thermally (the dimensionless temperature profile remains unchanged) developed is called 
the fully developed region. 

8-14C The heat flux will be higher near the inlet because the heat transfer coefficient is highest at the tube 
inlet where the thickness of thermal boundary layer is zero, and decreases gradually to the fully developed 
value. 

8-15C The heat flux will be higher near the inlet because the heat transfer coefficient is highest at the tube 
inlet where the thickness of thermal boundary layer is zero, and decreases gradually to the fully developed 
value. 

8-16C In the fully developed region of flow in a circular tube, the velocity profile will not change in the 
flow direction but the temperature profile may. 


8-17C The hydrodynamic and thermal entry lengths are given as L h = 0.05 Re D and L t = 0.05 Re Pr D for 

laminar flow, and L h « L t « 10D in turbulent flow. Noting that Pr » 1 for oils, the thermal entry length 

is larger than the hydrodynamic entry length in laminar flow. In turbulent, the hydrodynamic and thermal 
entry lengths are independent of Re or Pr numbers, and are comparable in magnitude. 


8-18C The hydrodynamic and thermal entry lengths are given as L h = 0.05 Re D and L t = 0.05 Re Pr D for 

laminar flow, and L h « L t « 10Z> in turbulent flow. Noting that Pr « 1 for liquid metals, the thermal 

entry length is smaller than the hydrodynamic entry length in laminar flow. In turbulent, the hydrodynamic 
and thermal entry lengths are independent of Re or Pr numbers, and are comparable in magnitude. 

8-19C In fluid flow, it is convenient to work with an average or mean velocity V avg and an average or mean 
temperature T m which remain constant in incompressible flow when the cross-sectional area of the tube is 
constant. The V avg and T m represent the velocity and temperature, respectively, at a cross section if all the 
particles were at the same velocity and temperature. 


8-20C When the surface temperature of tube is constant, the appropriate temperature difference for use in 
the Newton's law of cooling is logarithmic mean temperature difference that can be expressed as 



A?; - Ar ; 
ln(A7 ; / A T t ) 
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8-3 


8-21 Air flows inside a duct and it is cooled by water outside. The exit temperature of air and the rate of 
heat transfer are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 
The surface temperature of the duct is constant. 3 The 
thermal resistance of the duct is negligible. 

Properties The properties of air at the anticipated 
average temperature of 30°C are (Table A- 15) 

p - 1.164 kg/m 3 
c p = 1007 J/kg.°C 


Analysis The mass flow rate of water is 


m = pA c V dwg = p 


' 7tD 2 ' 


V avg = (1.164 kg/m 3 ) 


10°C 



Jtft2 4 5m)i (7 m/s) = 0.400 kg/s 


,1. = nDL = ,7(0.25 m)(12m) = 9.425 m 2 
The exit temperature of air is determined from 

(85)(9.425) 

T e =T s - (T s - T t )e hA ’ KnKp } = 1 0 - (1 0 - 50)e «>- 400 )( 1007 ) = 15.47 °C 


The logarithmic mean temperature difference and the rate of heat transfer are 

15.47-50 


A7 ln = 


In 


T -T 

f Jl rj-i \ 

* s — * e 


77 - T: 


\ S 


In 


i j 


10-15.47 

10-50 


= 17.36°C 


Q = hA s AT ln = (85 W/m 2 .°C)(9.425 m 2 )(17.36°C) = 13,900 W = 13.9 kW 
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8-4 


8-22 Steam is condensed by cooling water flowing inside copper tubes. The average heat transfer 
coefficient and the number of tubes needed are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The 
thermal resistance of the pipe is negligible. 


Properties The properties of water at the average 
temperature of (10+24)/2=17°C are (Table A-9) 

p = 998.7 kg/m 3 
c p = 4183.8 J/kg.°C 

Also, the heat of vaporization of water at 30°C is 
h fg =2431 kJ/kg . 

Analysis The mass flow rate of water and the 
surface area are 


Steam, 30°C 



m = pA c V. iY g = p 


f nD 1 ^ 


V avg =(998.7 kg/m 3 ) 


;r(0.012m) 


(4 m/s) = 0.45 18 kg/s 


The rate of heat transfer for one tube is 

Q = me p (T e -T { ) = (0.45 18 kg/s)(4 183.8 J/kg.°C)(24 - 10°C) = 26,460 W 

The logarithmic mean temperature difference and the surface area are 

24-10 


Ar in = 


In 


T -T 

f y y A 
1 s * e 

T ~T 

V 1 S 1 1 J 


In 


^ 30 - 24 ^ 

30-10 


= 11.63°C 


A s = 7rDL = ^-(0.012 m)(5 m) = 0.1885 m 2 
The average heat transfer coefficient is determined from 

Q 26,460 W 


Q = hA AT } 


In 


->h = 


1 kW 
1000 W 


A s AT la (0.1885 m 2 )(11.63°C) 

The total rate of heat transfer is determined from 

Q total = ,h cond h fg = (0.15 kg/s)(2431 kJ/kg) = 364.65 kW 
Then the number of tubes becomes 
Qtotai 364,650 W 


= 12.1kW/m .C 


N 


tube 


Q 26,460 W 


= 13.8 
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8-5 


8-23 Steam is condensed by cooling water flowing inside copper tubes. The average heat transfer 
coefficient and the number of tubes needed are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The 
thermal resistance of the pipe is negligible. 


Properties The properties of water at the average 
temperature of (10+24)/2=17°C are (Table A-9) 

p = 998.7 kg/m 3 
c p = 4183.8 J/kg.°C 

Also, the heat of vaporization of water at 30°C is 
h fg =2431 kJ/kg . 

Analysis The mass flow rate of water is 


Steam, 30°C 



m = pA c V mg = P\ 


f nD 2 ^ 


V avg =(998.7 kg/m 3 ) 


;r(0.012m) 


(4 m/s) = 0.45 18 kg/s 


The rate of heat transfer for one tube is 

Q = mc p (T e -Tf) = (0.45 18 kg/s)(4 183.8 J/kg.°C)(24 - 10°C) = 26,460 W 

The logarithmic mean temperature difference and the surface area are 

24-10 


Ar in = 


In 


T -T 

e i 

f r T~' r T' \ 

1 s •* e 

T -T 

\ £ s 1 1 J 


In 


^ 30 - 24 ^ 
30-10 


= 1 1.63°C 


A s = tuDL = ^-(0.012m)(5 m) = 0.1885 m 2 
The average heat transfer coefficient is determined from 

Q 26,460 W 


Q = M AT, 


In 


->h = 


A s AT ln (0.1885 m 2 )(11.63°C) 
The total rate of heat transfer is determined from 

Qtotai = ,h cond hfg = (0.60 kg/s)(243 1 kJ/kg) = 1458.6 kW 
Then the number of tubes becomes 

Qtotai 1,458,600 W 


1 kW 
1000 W 


y 


= 12.1kW/m\°C 


N 


tube 


Q 


26,460 W 


= 55.1 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




8-6 


8-24 Combustion gases passing through a tube are used to vaporize waste water. The tube length and the 
rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The 
thermal resistance of the pipe is negligible. 4 Air properties are to be used for exhaust gases. 

Properties The properties of air at the average temperature of (250+150)/2=200°C are (Table A- 15) 

c p = 1023 J/kg.°C 

R = 0.287 kJ/kg.K 


Also, the heat of vaporization of water at 1 atm 
or 100°C is h fg = 2257kJ/kg (Table A-9). 

Analysis The density of air at the inlet and the 
mass flow rate of exhaust gases are 


Exh. gases 
250°C 
5 m/s 


P = 


P 


115 kPa 


RT (0.287 kJ/kg.K)(250 + 273 K) 


= 0.7662 kg/m 




D =3 cm 


L 


>ii = pA c V, dVg = p 


f nD 1 ^ 


V avg = (0.7662 kg/m J ) 


3 x ^-(0.03 m) 


(5 m/s) = 0.002708 kg/s 


The rate of heat transfer is 

Q = mc p (T i -T e ) = (0.002708 kg/s)(1023 J/kg.°C)(250 -150°C) = 277.0 W 

The logarithmic mean temperature difference and the surface area are 

150-250 


AT \n = 


In 


T -T 

e i 

f rjl rji \ 

1 s * e 

T -T 

V 1 1 1 J 


In 


Q - M AT 


In 


-» = 


^110-150 N 
110-250 

Q 


= 79.82°C 


277.0 W 


hAT ln (120 W/m 2 .°C)(79.82°C) 


= 0.02891m 


Then the tube length becomes 
A„ = ttDL — 


>L = — L 


0.02891m 


= 0.3067 m = 30.7 cm 


7rD ^-(0.03 m) 

The rate of evaporation of water is determined from 

Q (0.2770 kW) 


Q = m 


hr 

evap fg 


->m 


evap 


h fg (2257 kJ/kg) 


= 0.0001227 kg/s = 0.442 kg/h 
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8-25 Combustion gases passing through a tube are used to vaporize waste water. The tube length and the 
rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The 
thermal resistance of the pipe is negligible. 4 Air properties are to be used for exhaust gases. 

Properties The properties of air at the average temperature of (250+150)/2=200°C are (Table A- 15) 

c p = 1023 J/kg.°C 

R = 0.287 kJ/kg.K 


Also, the heat of vaporization of water at 1 atm 
or 100°C is h fg = 2257kJ/kg (Table A-9). 

Analysis The density of air at the inlet and the 
mass flow rate of exhaust gases are 


Exh. gases 
250°C 
5 m/s 


P = 


P 


115 kPa 


RT (0.287 kJ/kg.K)(250 + 273 K) 


= 0.7662 kg/m 




D =3 cm 


L 


>ii = pA c V, dVg = p 


f nD 1 ^ 


V avg = (0.7662 kg/m J ) 


3 x ^-(0.03 m) 


(5 m/s) = 0.002708 kg/s 


The rate of heat transfer is 

Q = mc p (T i -T e ) = (0.002708 kg/s)(1023 J/kg.°C)(250 -150°C) = 277.0 W 

The logarithmic mean temperature difference and the surface area are 

150-250 


AT \n = 


In 


T -T 

e i 

f rjl rji \ 

1 s * e 

T -T 

\ £ s 1 1 J 


In 


Q = M AT, 


In 


-» = 


^110-150 N 
110-250 

Q 


= 79.82°C 


277.0 W 


hAT ln (40 W/m 2 .°C)(79.82°C) 


= 0.08673 m 


Then the tube length becomes 
A„ = jtDL — 


>L = — L 


0.08673 m 


= 0.920 m = 92.0 cm 


7rD 7r( 0.03 m) 

The rate of evaporation of water is determined from 

Q (0.2770 kW) 


Q = m 


hr 

evap fg 


->m 


evap 


h fg (2257 kJ/kg) 


= 0.0001227 kg/s = 0.442 kg/h 
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Laminar and Turbulent Flow in Tubes 


8-26C The friction factor for flow in a tube is proportional to the pressure drop. Since the pressure drop 
along the flow is directly related to the power requirements of the pump to maintain flow, the friction 
factor is also proportional to the power requirements. The applicable relations are 


A P = f 


L pV 
D 2 


and W 


pump 


mAP 

P 


8-27C The shear stress at the center of a circular tube during fully developed laminar flow is zero since the 
shear stress is proportional to the velocity gradient, which is zero at the tube center. 

8-28C Yes, the shear stress at the surface of a tube during fully developed turbulent flow is maximum since 
the shear stress is proportional to the velocity gradient, which is maximum at the tube surface. 

8-29C In fully developed flow in a circular pipe with negligible entrance effects, if the length of the pipe is 
doubled, the pressure drop will also double (the pressure drop is proportional to length). 

8-30C Yes, the volume flow rate in a circular pipe with laminar flow can be determined by measuring the 
velocity at the centerline in the fully developed region, multiplying it by the cross-sectional area, and 

dividing the result by 2 since 0 = Kvg^c - (^max / 2)A C • 


8-31C No, the average velocity in a circular pipe in fully developed laminar flow cannot be determined by 
simply measuring the velocity at R/2 (midway between the wall surface and the centerline). The mean 
velocity is V max /2, but the velocity at R/2 is 


V(R/ 2)=V, 


max 


1 


3V. 


max 


R 


S r=R/2 


4 


8-32C In fully developed laminar flow in a circular pipe, the pressure drop is given by 
8//LV avg 32 juLV ayg 


A P = 


R 


D 


The mean velocity can be expressed in terms of the flow rate as V avg = 


1 / 


t/ 


A r nD 2 ! A 


. Substituting, 


8/^Vavg 32 /iLV mg 32 juL V 128 juLp 

R 2 D 2 D 2 7rD 2 / A nD A 

Therefore, at constant flow rate and pipe length, the pressure drop is inversely proportional to the 4 th power 
of diameter, and thus reducing the pipe diameter by half will increase the pressure drop by a factor of 16 . 


8-33C In fully developed laminar flow in a circular pipe, the pressure drop is given by 
Ap _ 8/^avg _ 32 /uLV mg 
R 2 D 2 

When the flow rate and thus mean velocity are held constant, the pressure drop becomes proportional to 
viscosity. Therefore, pressure drop will be reduced by half when the viscosity is reduced by half. 


8-34C The tubes with rough surfaces have much higher heat transfer coefficients than the tubes with 
smooth surfaces. In the case of laminar flow, the effect of surface roughness on the heat transfer coefficient 
is negligible. 
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8-35 The flow rate through a specified water pipe is given. The pressure drop and the pumping power 
requirements are to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the 
flow is fully developed. 3 The pipe involves no components such as bends, valves, and connectors. 4 The 
piping section involves no work devices such as pumps and turbines. 

Properties The density and dynamic viscosity of water are given to be p = 999.1 kg/m and p = 1.138x10' 
kg/m-s, respectively. The roughness of stainless steel is 0.002 mm (Table 8-3). 


Analysis First, we calculate the mean velocity and the 
Reynolds number to determine the flow regime: 


V =*- 

avg A. 


1 / 


0.005 m / s 


7rD 2 / 4 ;r(0.04m) 2 / 4 


= 3.98m Is 


Re = 


PV av g £> (999. 1 kg/m 3 )(3.98 m/s)(0.04 m) 




1.138xl0“ 3 kg/m-s 


= 1.40x10 



which is greater than 10,000. Therefore, the flow is turbulent. The relative roughness of the pipe is 


d D 


2x10^ m 
0.04 m 


= 5xl0~ 5 


The friction factor can be determined from the Moody chart, but to avoid the reading error, we determine it 
from the Colebrook equation using an equation solver (or an iterative scheme), 


1 


V7 


= -2.0 log 


£/D 

-i 

2.51 ^ 

v 1 - 9 Olncr 

Akt 5 

2.51 

i_ 

3.7 

V 

ReV/y 

— > , — z.uiog 

V7 

3.7 

V 

1.40x10 5 V7, 


It gives /= 0.0171. Then the pressure drop and the required power input become 
±p- f L pV ™& _ q Qi7i 30m (999.1 kg/m 3 )(3. 98 m/s) 2 


D 2 


0.04 m 


2 


lkN 

f lkPa ^ 

v 1000kg-m/s 2 y 

V. 1 kN/m 2 J 


= 101.5 kPa 


Wpump,u = t/A P = (0.005 m 2 / J)(101.5 kPa) 


lkW " 
lkPa-m 3 /s y 


0.508 kW 


Therefore, useful power input in the amount of 0.508 kW is needed to overcome the frictional losses in the 
pipe. 

Discussion The friction factor could also be determined easily from the explicit Haaland relation. It would 
gi ve/= 0.0169, which is sufficiently close to 0.0171. Also, the friction factor corresponding to s = 0 in this 
case is 0.0168, which indicates that stainless steel pipes can be assumed to be smooth with an error of 
about 2%. Also, the power input determined is the mechanical power that needs to be imparted to the fluid. 
The shaft power will be more than this due to pump inefficiency; the electrical power input will be even 
more due to motor inefficiency. 
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8-36 In fully developed laminar flow in a circular pipe, the velocity at r - R/2 is measured. The velocity at 
the center of the pipe (r = 0) is to be determined. 


Assumptions The flow is steady, laminar, and fully developed. 

Analysis The velocity profile in fully developed laminar 
flow in a circular pipe is given by 


V(r)=V, 


max 


.2 \ 


R 


where V max is the maximum velocity which occurs at 
pipe center, r = 0. At r =RI2 , 


V(R/2) = V 


max 


(R/2) 

R 2 


2 ^ 


= v. 


max 


i-I 

4 


3V 


max 


V(r)=V m J\-r/R 2 ) 



Solving for V max and substituting, 

4V(R/2) 4(6 m/s) 


V. 


max 


= 8 m/s 


which is the velocity at the pipe center. 


8-37 The velocity profile in fully developed laminar flow in a circular pipe is given. The mean and 
maximum velocities are to be determined. 


Assumptions The flow is steady, laminar, and fully developed. 

Analysis The velocity profile in fully developed laminar 
flow in a circular pipe is given by 


V(r)=V, 


max 


2 ^ 


1 


R 


The velocity profile in this case is given by 


V(r) =4(1 — r 2 /R 2 ) 


V(r )=V max ( 1 -r 2 //? 2 ) 



Comparing the two relations above gives the maximum velocity to be V max = 4 m/s. Then the mean velocity 
and volume flow rate become 


V 

\/ _ max 

avg “~T“ 


4 m/s 
2 


= 2 m/s 


(/ - V avg A c = V avg (ttR 2 ) = (2 m/s) [^(0. 1 0 m) : 2 ] = 0.0628 m 3 Is 


avg 
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8-38 The velocity profile in fully developed laminar flow in a circular pipe is given. The mean and 
maximum velocities are to be determined. 


Assumptions The flow is steady, laminar, and fully developed. 


Analysis The velocity profile in fully developed 
laminar flow in a circular pipe is given by 


V(r)=V, 


max 


2 ^ 


1 


R 


The velocity profile in this case is given by 


V(r) = 4(1 — r 2 / R 2 ) 


Comparing the two relations above gives the 
maximum velocity to be V max = 4 m/s. Then the 
mean velocity and volume flow rate become 


V(r)=V m J\-r/R 2 ) 



v 

avg 

{/ = 



max 


2 

^avg^c 


4 m/s 
2 


= 2 m/s 


= V avg (ttR 2 ) = (2 m/s)[;r(0.05 m) 2 


= 0.0157 m 3 /s 
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8-39 The convection heat transfer coefficients for the flow of air and water are to be determined under 
similar conditions. 

Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is uniform. 3 The inner surfaces of the 
tube are smooth. 

Properties The properties of air at 25°C are (Table A- 15) 

k = 0.0255 1 W/m.°C 

v = 1.562xl0' 5 m 2 /s Water \ \ 

Pr = 0.7296 or Air jj D = 8 cm ) 

2 m/s V7 - J 

The properties of water at 25 °C are (Table A-9) ^ 

o L = 7 m 

p = 997 kg/m 3 H “ — — ► 

k = 0.607 W/m.°C 

v — p I p — 0.891x 10“ 3 1991 = 8.937 x 10' 7 m 2 /s 
Pr = 6.14 


L = 7 m 


Analysis The Reynolds number is 

Re = VP= (2 m/s)(0.08 m) 

V 1.562x 10 -5 m 2 /s 

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h ~L t ~ 10D = 10(0.08 m) - 0.8 m 

which is much shorter than the total length of the tube. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 

Nu = — = 0.023 Re 08 Pr 04 = 0.023(1 0.243) 08 (0.7296) 04 =32.76 
k 

Heat transfer coefficient is 


h- — Nu = 

D 


0.02551 W/m.°C 
0.08 m 


(32.76) = 10.45 W/m 2 .°C 


Repeating calculations for water: 

Re= PP= (2 m/s)(0.08 m) 
v 8.937 x 10~ 7 m 2 /s 

Nu = — = 0.023 Re' 08 Pr 04 = 0.023(179.035) a8 (6.14)°' 4 =757.4 
k 


h- — Nu = 
D 


0.607 W/m.°C 
0.08 m 


(757.4) = 5747 W/m 2 .°C 


Discussion The heat transfer coefficient for water is 550 times that of air. 
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8-40 Air flows in a pipe whose inner surface is not smooth. The rate of heat transfer is to be determined 
using two different Nusselt number relations. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The 
pressure of air is 1 atm. 

Properties Assuming a bulk mean fluid temperature of 20°C, the properties of air are (Table A- 15) 
p = 1.204 kg/m 3 
k = 0.02514 W/m.°C 

Air 

v = 1.516xl0" 5 m 2 /s 10°C 

c p = 1007 J/k g.°C 0.065 kg/s 

Pr = 0.7309 

Analysis The mean velocity of air and the Reynolds number are 
m 0.065 kg/s 



D = 12 cm 


L = 5 m 


V. = 

lXL pA c (1.204kg/m 3 )/r(0.12 m) 2 /4 
V^D (4.773 m/s)(0. 12 m) 


= 4.773 m/s 


Re = 


avg 

V 


1.516xl0" 5 m 2 /s 


= 37,785 


which is greater than 10,0000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h *L t * 10D = 10(0.12 m) = 1.2 m 

which is much shorter than the total length of the pipe. Therefore, we can assume fully developed turbulent 
flow in the entire duct. The friction factor may be determined from Colebrook equation using EES to be 


1 


77 


= -2 log 


S/D 

2.51 ^ 

1 

0.00022 / 0. 12 

2.51 

3.7 

V 

Re77y 

> — Z log 

77 

3.7 

V 

37,785^ 


■» / = 0.02695 


The Nusselt number from Eq. 8-66 is 

Nu = 0.125/ RePr 1/3 = 0.125(0.02695)(37,785)(0.7309) 1/3 =114.7 
Heat transfer coefficient is 

* = * Afc = a025 14W/m.°C = 24 . 02 w/m2 . oc 

D 0.12m 

Next we determine the exit temperature of air 
A = jtDL = 71(012 m)(5 m) = 1.885 m 2 

(24.02X1.885) 

T e =T s -(T s -T i )e~ hAK,hCp) =50-(50-l0)e (° 065 * 1007 > = 300 ° c 

This result verifies our assumption of bulk mean fluid temperature that we used for property evaluation. 
Then the rate of heat transfer becomes 

Q = me p (T e -Tj) = (0.065 kg/s)(1007 J/kg.°C)(30.0-10)°C = 1307 W 

Repeating the calculations using the Nusselt number from Eq. 8-70: 

(/ / 8)(Re- 1000) Pr (0.02695 / 8)(37,785 - 1000)(0.7309) 


Nu = 


1 + 12.7 (/ / 8) 0-5 (Pr 2/3 - 1) 1 + 12.7(0.02695 / 8) 05 (0.7309 273 - 1) 


= 105.2 


h = — Nu = °' Q25 14 W/m - ° C (105.2) = 22.04 W/m 2 .°C 
D 0.12m 

_(22.04)(1.885) 

T e =T S ~(T S =50 -(50 -10)^ (°- 065 )( 1 °07 ) = 28 .go C 

Q = mc p (T e -T t ) = (0.065 kg/s)(1007 J/kg.°C)(28.8-10)°C = 1230 W 
The result by Eq. 8-66 is about 6 percent greater than that by Eq. 8-70. 
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8-41 Air flows in a square cross section pipe. The rate of heat loss and the pressure difference between the 
inlet and outlet sections of the duct are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The 
pressure of air is 1 atm. 

Properties Taking a bulk mean fluid temperature of 80°C assuming that the air does not loose much heat to 
the attic, the properties of air are (Table A- 15) 

3 

Air 

80°C * 


p = 0.9994 kg/m 
k = 0.02953 W/m.°C 


0.15 nr/s 



v = 2.097 xlO' 5 m 2 /s 
c p = 1008 J/kg.°C 
Pr = 0.7154 

Analysis The mean velocity of air, the hydraulic diameter, and the Reynolds number are 


L = 8 m 


V = — = 


1/ 0.15 nr /s 


= 3.75 m/s 


A (0.2 m) 


D h = 


Re = 


4A 4a 

— = = a = 0.2 m 

P 4 a 

VD h (3.75 m/s)(0.2m) 


v 


2.097x10 


-5 


= 35,765 


which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h ~L t * 10 D h = 10(0.2 m) = 2 m 

which is much shorter than the total length of the pipe. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 


Nu = 


hD 


— = 0.023 Re 0,8 Pr 0,3 = 0.023(35,765)°' 8 (0.7154) 03 =91.4 


Heat transfer coefficient is 

h = — Nu = °- Q2953 W/m L C . ( 9L4 ) = 13 . 5 W/m 2 .°C 
D 0.2 m 

Next we determine the exit temperature of air 


A = 4aL - 4(0.2 m)(8 m) = 6.4 m 


(13.5X6.4) 

T e =T S ~(T S -7 = 60-(60-80)e (0 ' 9994)(0 - 15)(1 0 08) =71.3°C 
Then the rate of heat transfer becomes 

Q = mc p (T e - T t ) = (0.9994 kg/m 3 )(0.15 m 3 /s)(1008 J/kg.°C)(80-71.3)°C = 1315 W 
From Moody chart: 

Re = 35,765 and s/D = 0.001 ->/= 0.026 
Then the pressure drop is determined to be 

AR = / L = (0.026) ^°- 9 "4 kg/ni 3 )(3.75 m/s) 2 ^ pg 

2D 2(0.2 m) 
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8-42 A liquid is heated as it flows in a pipe that is wrapped by electric resistance heaters. The required 
surface heat flux, the surface temperature at the exit, and the pressure loss through the pipe and the 
minimum power required to overcome the resistance to flow are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is uniform. 3 The inner surfaces of the 
tube are smooth. 4 Heat transfer to the surroundings is negligible. 

Properties The properties of the fluid are given to be p= 1000 kg/nr, c p = 4000 J/kg-K, p = 2x10’ kg/s-m, 
k = 0.48 W/m-K, and Pr = 10 

Analysis (a) The mass flow rate of the liquid is 

m = pAV = (1000kg/m 3 )(;r(0.01m) 2 / 4)0.8 m/s) = 0.0628 kg/s 
The rate of heat transfer and the heat flux are 

Q = mc p (T e -T t ) = (0.0628 kg/s)(4000 J/kg.°C)(75 - 25)°C = 12,560 W 




Q 


12,560 W 


A s /r(0.01 m)(10 m) 
( b ) The Reynolds number is 


40,000 W/m 


Rc _ pVD _ (1000 kg/m 3 )(0.8 m/s)(0.01 m) _ ^ 


A 


0.002 kg/m-s 


which is greater than 2300 and smaller than 10,000. Therefore, 
we have transitional flow. However, we use turbulent flow 
relation. The entry lengths in this case are roughly 



L h *L t * 10D = 10(0.01 m) = 0.1m 


which is much shorter than the total length of the tube. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 


Nu = — = 0.023 Re 08 Pr 0 ' 4 = 0.023(4000) 08 (10) 04 =44 
k 


Heat transfer coefficient is 


h = — Nu = Q ‘ - 48 - W/m - C (44) = 2112 W/m 2 .°C 
D 0.01m 

The surface temperature at the exit is 


q = h(T s -T e ) > 40,000 W = (2 112 W/m 2 °C )(T S -75)°C 


a 77 = 93.9°C 


(c) From Moody chart: 

Re = 4000, s= 0.046 mm, dD = 0.045/10 = 0.0045 ->/= 0.044 

Then the pressure drop and the minimum power required to overcome this pressure drop are determined to 
be 


A P = f 


pV 


L = (0.044) 


( 1 000 kg/m 3 )(0.8 m/s) 2 


2D 2(0.01 m) 

W = i/AP = (r(0.01 m) 2 / 4)0.8 m/s)( 14,080 Pa) = 0.88 W 


(10 m) = 14,080 Pa 
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8-43 The average flow velocity in a pipe is given. The pressure drop and the pumping power are to be 
determined. 


Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the 
flow is fully developed. 3 The pipe involves no components such as bends, valves, and connectors. 4 The 
piping section involves no work devices such as pumps and turbines. 

Properties The density and dynamic viscosity of water are given to be p = 999.7 kg/m and p = 1.307x10' 
kg/m-s, respectively. 


Analysis (a) First we need to determine the flow 
regime. The Reynolds number of the flow is 

pV D (999.7 kg/m 3 )(1 .2 m/s)(2 x 10' 3 m) , 
Re = = = 1 

P 1.307 xlO' 3 kg/m-s 

which is less than 2300. Therefore, the flow is laminar. 
Then the friction factor and the pressure drop become 



f = 


64 64 


Re 


1836 

2 


= 0.0349 


Ap= _L /^vg_ = 0 0349 

D 2 


15 m (999.7 kg/m 3 )(1 .2 m/s) 2 


0.002 m 


lkN 

f lkPa ^ 

v 1000 kg • m/s 2 y 

llkN/m 2 ) 


= 188 kPa 


( b ) The volume flow rate and the pumping power requirements are 


0 = V avg A c = V avg {nD 1 / 4) = (1.2 m/s)[^(0.002 m) 2 / 4] = 3.77 x 10 ~ 6 m 3 / j 


W 


-6 3 


pump 


= VAP = (3.77 x 10 /s)(188kPa) 


1000 w 


A 


lkPa -m 3 /s ) 


= 0.71 W 


Therefore, power input in the amount of 0.7 1 W is needed to overcome the frictional losses in the flow due 
to viscosity. 
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8-44 Water is to be heated in a tube equipped with an electric resistance heater on its surface. The power 
rating of the heater and the inner surface temperature are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is uniform. 3 The inner surfaces of the 
tube are smooth. 


Properties The properties of water at the average 
temperature of (80+10) 12 = 45°C are (Table A-9) 


(Resistance heater) 



m = pO = (990.1 kg/m 3 )(0.005 m 3 /min) = 4.951 kg/min = 0.0825 kg/s 


Q = me p (T e -T t ) = (0.0825 kg/s)(4180 J/kg.°C)(80-10)°C = 24,140 W 


The velocity of water and the Reynolds number are 

0 


v 

avg A 


(5xl(T 3 / 60) m 3 /s 


= 0.2653 m/s 


Re = 


^■(0.02 m) /4 

Vavg D h (0.2653 m/s)(0.02m) 

v 0.602 xl0~ 6 m 2 /s 


= 8813 


which is less than 10,000 but much greater than 2300. We assume the flow to be turbulent. The entry 
lengths in this case are roughly 

L h * L, * 10D = 10(0.02 m) = 0.20 m 


which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 

Nu = = 0.023 Re 0 ' 8 Pr 04 = 0.023(8813) 08 (3.91) 04 =56.85 

k 


Heat transfer coefficient is 


h = 


D, 


Nu = 


0.637 W/m.°C 
0.02 m 


(56.85) = 1811 W/m 2 .°C 


Then the inner surface temperature of the pipe at the exit becomes 
Q = hA s (T s e - T e ) 

24,140 W = (1811 W/m 2 .°C)[^(0.02 m)(13 m)](7’ s -80)°C 

T se = 96.3°C 
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8-45 Flow of hot air through uninsulated square ducts of a heating system in the attic is considered. The 
exit temperature and the rate of heat loss are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an 
ideal gas with constant properties. 4 The pressure of air is 1 atm. 

Properties We assume the bulk mean temperature for air to be 80°C since the mean temperature of air at 
the inlet will drop somewhat as a result of heat loss through the duct whose surface is at a lower 
temperature. The properties of air at 1 atm and this temperature are (Table A- 15) 

p = 0.9994 kg/m 3 
k = 0.02953 W/m.°C 

v = 2.097 xlO' 5 m 2 /s 
c p = 1008 J/kg.°C 
Pr = 0.7154 

Analysis The characteristic length that is the hydraulic 
the mean velocity of air, and the Reynolds number are 


D h = 


4A„ 4 a 


P 
V 

avg A., 


= a = 0.15 m 


4 a 
0.10m 3 /s 



0.1 m /min 


= 4.444 m/s 


Re = 


V D, 

r avg h 


(0.15 my 

(4.444 m/s)(0.15m) 


v 


2.097 xlO -5 m 2 /s 


= 31,791 


which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h « L t « 10 D h = 10(0.15 m) = 1.5 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 

hD 


Nu = 


h =0.023 Re 08 Pr 03 = 0.023(3 1,791) 08 (0.7154)' 03 =83.16 


Heat transfer coefficient is 


* = -*-*„ - ° 02953 W/m,“C (83 ^ 1(S) = , 637 w/m 2 3c 


D 


h 


0.15m 


Next we determine the exit temperature of air, 

A s = 4aL = 4(0. 1 5 m)( 1 0 m) = 6 m 2 
m = pO = (0.9994 kg/m 3 )(0. 10 m 3 /s) = 0.09994 kg/s 


(16.37X6) 


T =T - (T -T:)e hAI{mc <> ) = 70-(70-85)e 


(0.09994)(1008) 7°C 

Then the logarithmic mean temperature difference and the rate of heat loss from the air becomes 

75.7-85 


Ar i n = 


In 


T -T 

e i 

f r T' r T' 'N 

1 s * e 

T -T 

V 1 S 1 1 J 


In 


r 70-75.7 A 
70-85 


Q = hA s AT ]n = (16.37 W/m 2 .°C)(6 m z )(9.58°C) = 941 W 
Note that the temperature of air drops by almost 10°C as it flows in the duct as a result of heat loss. 


= 9.58°C 
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8-46 EES Prob. 8-45 is reconsidered. The effect of the volume flow rate of air on the exit temperature of 
air and the rate of heat loss is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_i=85 [C] 

L=1 0 [m] 
side=0.15 [m] 

V_dot=0.10 [m A 3/s] 

T_s=70 [C] 

"PROPERTIES" 

Fluid$='air' 

C_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C) 
k=Conductivity(Fluid$, T=T_ave) 

Pr=Prandtl(Fluid$, T=T_ave) 
rho=Density(Fluid$, T=T_ave, P=101.3) 
mu=Viscosity(Fluid$, T=T_ave) 
nu=mu/rho 
T_ave=1/2*(T_i+T_e) 

"ANALYSIS" 

D_h=(4*A_c)/p 

A_c=side A 2 

p=4*side 

Vel=V_dot/A_c 

Re=(Vel*D_h)/nu "The flow is turbulent" 

L_t=10*D_h "The entry length is much shorter than the total length of the duct." 

Nusselt=0.023*Re A 0.8*Pr A 0.3 

h=k/D_h*Nusselt 

A=4*side*L 

m_dot=rho*V_dot 

T_e=T_s-(T_s-TJ)*exp((-h*A)/(m_dot*C_p)) 

DELTAT_ln=(T_e-TJ)/ln((T_s-T_e)/(T_s-T_i)) 

Q dot=h*A*DELTAT In 


V [m 3 /s] 

T e [C] 

Q [W] 

0.05 

74.89 

509 

0.055 

75 

554.1 

0.06 

75.09 

598.6 

0.065 

75.18 

642.7 

0.07 

75.26 

686.3 

0.075 

75.34 

729.5 

0.08 

75.41 

772.4 

0.085 

75.48 

814.8 

0.09 

75.54 

857 

0.095 

75.6 

898.9 

0.1 

75.66 

940.4 

0.105 

75.71 

981.7 

0.11 

75.76 

1023 

0.115 

75.81 

1063 

0.12 

75.86 

1104 
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0.125 

75.9 

1144 

0.13 

75.94 

1184 

0.135 

75.98 

1224 

0.14 

76.02 

1264 

0.145 

76.06 

1303 

0.15 

76.1 

1343 




•O 
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8-47 Air enters the constant spacing between the glass cover and the plate of a solar collector. The net rate 
of heat transfer and the temperature rise of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the spacing are smooth. 3 Air is 
an ideal gas with constant properties. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and estimated average temperature of 35°C are (Table A- 15) 

p = 1.145kg/m 3 , k = 0.02625 W/m.°C 

v = 1.655x10 s m 2 /s, c p = 1007 J/kg.°C, Pr = 0.7268 

Analysis Mass flow rate, cross sectional area, hydraulic diameter, 
mean velocity of air and the Reynolds number are 

m = p0 = (1.145 kg/m 3 )(0. 15 m 3 /s) = 0.1718 kg/s 
A r =(lm)(0.03m) = 0.03 m 2 


Glass 

cover 


D h = 


4 A. 


P 

0 


v = 

avg A 


Re = 


V D, 

r avg h 


4(0.03 m 2 ) 

2(1 m + 0.03 m) 

0.15 m 3 /s 
— = 5 m/s 

0.03 m 2 

(5 m/s)(0. 05825 m) 


= 0.05825 m 



= 17,600 


v 1.655 x 10 -5 m 2 /s 

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h * L t * 10 D h = 10(0.05825 m) = 0.5825 m 

which are much shorter than the total length of the collector. Therefore, we can assume fully developed 
turbulent flow in the entire collector, and determine the Nusselt number from 
hD, 


Nu = = 0.023 Re 0 ' 8 Pr 0 4 = 0.023(1 7,600) u o (0.7268) u ‘ t = 50.43 


0.8 


, 0.4 


and 


h = =°- 02625 W,m ° C (50.43) = 22J3 w/m 2 . c 


D 


h 


0.05825 m 


The exit temperature of air can be calculated using the “average” surface temperature as 


A s = 2(5 m)(lm) = 10 m 


T e = T s,avg ~( T s,avg ~ T i)^P 


T 


hA. 


s,avg 

\ 


60 + 20 
2 


= 40°C 


me 


= 40 - (40 - 30) exp 


p J 


22.73x10 

0.1718x1007 


= 37.31°C 


The temperature rise of air is 

AT = 37.3°C -30°C = 7.3°C 

The logarithmic mean temperature difference and the heat loss from the glass are 

37.31-30 


AT 


In, glass 


T -T 

e i 

T -T 
In— 

T s -T t 


In 


20-37.31 

20-30 


= 13.32°C 


Q glass = hA s AT ln = (22.73 W/m 2 .°C)(5 m 2 )(13.32°C) = 1514 W 

The logarithmic mean temperature difference and the heat gain of the absorber are 

37.31-30 


AT 


In, absorber 


T -T 

e i 

T -T 

In — ^ 

T,-T, 


In 


60-37.31 

60-30 


= 26.17°C 


Qahsorber = MAT, n = (22.73 W/m 2 .°C)(5 m 2 )(26. 17°C) = 2975 W 
Then the net rate of heat transfer becomes 
= 2975-1514 = 1461 W 


Q 


net 
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8-48 Oil flows through a pipeline that passes through icy waters of a lake. The exit temperature of the oil 
and the rate of heat loss are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is very nearly 0°C. 
3 The thermal resistance of the pipe is negligible. 4 The inner surfaces of the pipeline are smooth. 5 The 
flow is hydrodynamically developed when the pipeline reaches the lake. 

Properties The properties of oil at 10°C are (Table A- 13) 


k = 0.1460 W/m.°C 


v = 2.592x 10 3 m 2 /s 


= 893.6 kg/m A 

p = 2.326 kg/m.s, 
c p = 1839 J/kg.°C, Pr = 28,750 
Analysis (a) The Reynolds number in this case is 

(0.5 m/s)(0.4m) 


(Icy lake, 0°C) 


Re = 


V D, 

r avg h 


V 


2.592x 10 -3 m 2 /s 


= 77.16 



which is less than 2300. Therefore, the flow is laminar, and the thermal entry length is roughly 
L, = 0.05 Re Pr D = 0.05(77. 16)(28,750)(0.4 m) = 44,367 m 

which is much longer than the total length of the pipe. Therefore, we assume thermally developing flow, 
and determine the Nusselt number from 


Mi = — = 3.66 + 


0.065(D/L) RePr 


0.065 


l + 0.04[(D/L)RePr 


2/3 


= 3.66 + 


0.4 m 
1500 m 


(77.16)(28,750) 


1 + 0.04 


0.4 m 
1500 m 


n 2/3 


= 13.73 


(77.16)(28,750) 


and h = — Nu = °- 146QW/m - ! C (13 73) = 5.011 W/m 2 .°C 

D 0.4 m 

Next we determine the exit temperature of oil 

4 = 7iDL = ;r(0.4m)( 1500 m) = 1885 m 2 


m = pV = pA c V w% = p 


r nP 1 ^ 

4 


iV avg = (893.6 kg/m ) 


3n f(0.4m) 


4 


(0.5 m/s) = 56.15 kg/s 


(5.011X1885) 


—hA s I {me ) 


T e =T S ~(T S -T t )e =0-(0-10)e (56 - 15)(1839) = 9.13°C 

(. b ) The logarithmic mean temperature difference and the rate of heat loss from the oil are 

9.13-10 


AT ln = 


In 


T -T 

e i 

f r T' 'T' \ 

* s ~ * e 

T ~T 

V 1 s L 1 J 


In 


0-9.13 

0-10 


= 9.56°C 


Q = hA s AT ln = (5.01 1 W/m 2 .°C)(1885 m 2 )(9.56°C) = 90,300 W = 90.3 kW 


The friction factor is 

64 64 

«/ 


= 0.8294 


Re 77.16 

Then the pressure drop in the pipe and the required pumping power become 
Ap= L pV _ Qg291 1500m (893.6 kg/m 3 ) (0.5 m/s) : 

1 D 2 ' 0.4m 2 


lkN " 

f lkPa 

v 1000 kg- m/s 2 y 

V 1 kN/m 2 y 


= 347.4 kPa 


• • 7r(0 4 m) 2 ( 1 kW 

W pump5U = VAP = A c V avg AP = (0.5 m/s)(347.4 kPa)| 


4 


A 


1 kPa • m 3 /s 


= 21.8 kW 


Discussion The power input determined is the mechanical power that needs to be imparted to the fluid. The 
shaft power will be much more than this due to pump inefficiency; the electrical power input will be even 
more due to motor inefficiency. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



8-23 


8-49 Laminar flow of a fluid through an isothermal square channel is considered. The change in the 
pressure drop and the rate of heat transfer are to be determined when the mean velocity is doubled. 

Assumptions 1 The flow is fully developed. 2 The effect of the change in AT\ n on the rate of heat transfer is 
not considered. 

Analysis The pressure drop of the fluid for laminar flow is expressed as 
» p _ r L P ^ avg _ 64 L pV'dvg _ 64v L pV , avg _ vLp 

A/ 1 — t — — — — jZV, av „ — 

D 2 Re D 2 V D D 2 g D 2 

dv g 


When the free-stream velocity of the fluid is doubled, the pressure drop becomes 

_ L /0(2V avg ) 2 64 L _ 64v L p4Vl & _ v Lp 

2 1 D 2 Re D 2 2V av ,D D 2 " avg D 2 

dVg 


Their ratio is 



A P x 32 


The rate of heat transfer between the fluid and the walls 
of the channel is expressed as 

Qi = hA s AT l0 =^NuA s AT ln =^2.98A s AT ln 

When the effect of the change in AT\ n on the rate of heat 
transfer is disregarded, the rate of heat transfer remains 
the same. Therefore, 

2i=i 

Q\ 



y 

y avg 


Therefore, doubling the velocity will double the pressure drop but it will not affect the heat transfer rate. 
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8-50 Turbulent flow of a fluid through an isothermal square channel is considered. The change in the 
pressure drop and the rate of heat transfer are to be determined when the free-stream velocity is doubled. 

Assumptions 1 The flow is fully developed. 2 The effect of the change in AT\ n on the rate of heat transfer is 
not considered. 


Analysis The pressure drop of the fluid for turbulent flow is expressed as 


A P x =f 


L py avg 

D 2 


0.184 Re~ 0 ' 2 


L Py avg 

D 2 


0.184 


y-0.2 D -0.2 

v avg 


V 


- 0.2 


L Py avg 
D 2 


0.092V 


1.8 

avg 


^-°- 2 


Lp 

D 


When the free-stream velocity of the fluid is doubled, the pressure drop becomes 


L PW avg) 0 2 

A P 2 = / — — = 0.184 Re -0 ' 2 


L P 4V , 


avg 


D 


2 


D 


= 0.184 


(2 V avg )- a2 D- a2 L pAV 2 


avg 


V 


- 0.2 


D 


= 0.368(2) " a2 V. L 


avg 






- 0.2 


Lp_ 

D 


Their ratio is 


AP 2 0.368(2)- 


A R 


0.092V 


1.8 

avg 


3.48 


The rate of heat transfer between the fluid and the walls 
of the channel is expressed as 


Q x =hAAT ln =-^NuAAT ln = -^-0.023 Re 08 Pr 1/3 AAT ln 


= 0.023V 


0.8 

avg 




V V j 


V 


avg 


— Pr 1/3 AAT, 
D 


In 


When the free-stream velocity of the fluid is doubled, the heat transfer rate becomes 

r rv \ 0 - 8 


Q 2 =0.023(2V avg ) 


0.8 


D 

V^y 


— Pr 1/3 A AT, 
D 


In 


Their ratio is 


0 1= (2Vavg) 

Q i 


0.8 


V 


0.8 

avg 


= 2 0 ' 8 = 1.74 



Therefore, doubling the velocity will increase the pressure drop 3.8 times but it will increase the heat 
transfer rate by only 74%. 
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Solar absorption, 
350 Btu/h.ft 

///// 

(Inside glass tube) 


8-5 IE Water is heated in a parabolic solar collector. The required length of parabolic collector and the 
surface temperature of the collector tube are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The 
thermal resistance of the tube is negligible. 3 The inner 
surfaces of the tube are smooth. 

Properties The properties of water at the average 
temperature of (55+200)/2 = 127.5°F are (Table A-9E) 

/? = 61.59 lbm/ft 3 
k = 0.374 Btu/ft.°F 

v = /u / p = 0.568 lxlO' 5 ft 2 /s 
c p = 0.999Btu/lbm.°F 
Pr = 3.368 
Analysis The total rate of heat transfer is 

Q = mc p (T e -Tj) = (4 lbm/s)(0.999 Btu/lbm.°F)(200 -55)°F = 579.4 Btu/s = 2.086 xlO 6 Btu/h 
The length of the tube required is 



L = 


Q 


total 


2.086x10° Btu/h 


= 5960 ft 


Q 350 Btu/h.ft 
The velocity of water and the Reynolds number are 
m 4 lbm/s 


V = 

avg pA 


, Q1 . , 3 \ (1.25/12 ft) 

(61.59 lbm/m )n — 


= 7.621 ft/s 


4 


Re 


= v **g D h = (7.621 m/s)(1.25/12 ft) =1 39?1q5 


v 


0.568 lxlO" 5 ft 2 /s 


which is greater than 10,000. Therefore, we can assume fully developed turbulent flow in the entire tube, 
and determine the Nusselt number from 


HD 


.0.8 n 0.4 


5x0.8 


,0.4 


Nu = — tL = 0.023 Re uo Pr u = 0.023(1.397 xl0 J r°(3.368) u = 488.5 


The heat transfer coefficient is 


h = 


D, 


Nu = 


0.374 Btu/h. ft.°F 
1.25 /12 ft 


(488.5) = 1754 Btu/h.ft 2 .°F 


The heat flux on the tube is 

Q 


4 = 


2.086 x!0 6 Btu/h =1070Btu/h _ ft2 


A v tt( 1 .25 / 1 2 ft)(5960 ft) 


Then the surface temperature of the tube at the exit becomes 


q = h(T s —T e ) >T, =r e +^ = 200°F4 

h 


1070 Btu/h.ft 
1754 Btu/h.ft 2 .°F 


= 200.6°F 
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8-52 A circuit board is cooled by passing cool air through a channel drilled into the board. The maximum 
total power of the electronic components is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat flux at the top surface of the channel is 
uniform, and heat transfer through other surfaces is negligible. 3 The inner surfaces of the channel are 
smooth. 4 Air is an ideal gas with constant properties. 5 The pressure of air in the channel is 1 atm. 

Properties The properties of air at 1 atm and estimated average temperature of 25 °C are (Table A- 15) 


p = 1.184 kg/m 3 
k = 0.02551 W/m.°C 

v = 1.562xl0" 5 m 2 /s 
c p = 1007 J/kg.°C 
Pr = 0.7296 

Analysis The cross-sectional and heat 
transfer surface areas are 

A c = (0.002 m)(0.14 m) = 0.00028 m 2 

A s = (0.14 m)(0.2 m) = 0.028 m 2 


Electronic components, 
50°C 


Air 
15°C 
4 m/s 



Air channel 
0.2 cm x 14 cm 


To determine heat transfer coefficient, we first need to find the Reynolds number, 


D h = 


4 A c _ 4(0.00028 m 2 ) 

' " 2(0.002 m + 0.14 m) 


= 0.003944 m 


Rc _ y av g D h _ (4 m/s)(0.003944 m) _ 1Q1Q 
v 1.562xl0" 5 m 2 /s 

which is less than 2300. Therefore, the flow is laminar and the thermal entry length is 
L t = 0.05 Re Pr D h = 0.05(1 01 0)(0.7296)(0.003944 m) = 0.1453 m < 0.20 m 

Therefore, we have developing flow through most of the channel. However, we take the conservative 
approach and assume fully developed flow, and from Table 8-1 we read Nu = 8.24. Then the heat transfer 
coefficient becomes 


Also, 


— Nu = O' 0255 ! W/m.°C 
D h 0.003944 m 


= 53.30 W/m 2 .°C 


m = pVA c =(1.184 kg/m 3 )(4 m/s)(0. 00028 m 2 ) = 0.001 326 kg/s 


Heat flux at the exit can be written as q = h(T s - T e ) where T s = 50°C at the exit. Then the heat transfer 

rate can be expressed as Q = qA s = hA s (T s - T e ) , and the exit temperature of the air can be determined 
from 


hA s (T s -T e ) = mc p (T e -T i ) 

(53.30 W/m 2 .°C)(0.028 m 2 )(50°C -T e ) = (0.001326 kg/s)(1007 J/kg.°C )(T e -15°C) 

T e = 33.5°C 

Then the maximum total power of the electronic components that can safely be mounted on this circuit 
board becomes 

2 max - mc p (T e -T t ) = (0.001326 kg/s)(1007 J/kg.°C)(33.5 -15°C) = 24.7 W 
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8-53 A circuit board is cooled by passing cool helium gas through a channel drilled into the board. The 
maximum total power of the electronic components is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat flux at the top surface of the channel is 
uniform, and heat transfer through other surfaces is negligible. 3 The inner surfaces of the channel are 
smooth. 4 Helium is an ideal gas. 5 The pressure of helium in the channel is 1 atm. 

Properties The properties of helium at the estimated average temperature of 25 °C are (from EES) 
p = 0.1635 kg/m 3 

k = 0.1553 W/m.°C Electronic components, 

v = 1.214xl0" 4 m 2 /s 
c p =5193 J/kg.°C 
Pr = 0.6636 

Analysis The cross-sectional and heat 
transfer surface areas are 

A c = (0.002 m)(0. 14 m) = 0.00028 m 2 

A s =(0. 14 m)(0.2m) = 0.028 m 2 



To determine heat transfer coefficient, we need to first find the Reynolds number 


4A C 4(0.00028 m 2 ) 
p 2(0.002 m + 0.14 m) 


0.003944 m 


Rc VavgA, _ (4m/s)(0.003944m) 13QQ 
v 1.214xl0~ 4 m 2 /s 

which is less than 2300. Therefore, the flow is laminar and the thermal entry length is 
L t = 0.05 Re Pr D h = 0.05(130.0)(0.6636)(0.003944 m) = 0.0170 m « 0.20 m 

Therefore, the flow is fully developed flow, and from Table 8-3 we read Nu = 8.24. Then the heat transfer 
coefficient becomes 


Also, 


h = 


— Nu = 
D h 


0.1553 W/m.°C 
0.003944 m 


(8.24) 


= 324.5 W/m 2 .°C 


m- pVA c = (0.1635 kg/m 3 )(4m/s)(0.00028m 2 ) = 0.0001831 kg/s 


Heat flux at the exit can be written as q = h(T s -T e ) where T s = 50°C at the exit. Then the heat transfer 

rate can be expressed as Q - qA s - hA s (T s -T e ) , and the exit temperature of the air can be determined 
from 

mc p (T e -T i ) = hA s (T s -T e ) 

(0.000183 1 kg/s) (5 193 J/k g.°C)(T e - 15°C) = (324.5 W/m 2 .°C)(0.028 m 2 )(50°C - T e ) 

T e = 46.68°C 

Then the maximum total power of the electronic components that can safely be mounted on this circuit 
board becomes 


(9 max = nCpWe ~ T i) = (0.0001831 kg/s)(5 193 J/kg. °C)(46.68 - 15°C) = 30.1 W 
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8-54 EES Prob. 8-52 is reconsidered. The effects of air velocity at the inlet of the channel and the 
maximum surface temperature on the maximum total power dissipation of electronic components are to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.20 [m] 
width=0.14 [m] 
height=0.002 [m] 

T_i=1 5 [C] 

Vel=4 [m/s] 

T_s=50 [C] 

"PROPERTIES" 

Fluid$='air' 

C_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C) 
k=Conductivity(Fluid$, T=T_ave) 

Pr=Prandtl(Fluid$, T=T_ave) 
rho=Density(Fluid$, T=T_ave, P=101.3) 
mu=Viscosity(Fluid$, T=T_ave) 
nu=mu/rho 
T_ave=1/2*(T_i+T_e) 

"ANALYSIS" 

A_c=width*height 

A=width*L 

p=2*(width+height) 

D_h=(4*A_c)/p 

Re=(Vel*D_h)/nu "The flow is laminar" 

L_t=0.05*Re*Pr*D_h 

"Taking conservative approach and assuming fully developed laminar flow, from Table 8-1 
we read" 

Nusselt=8.24 

h=k/D_h*Nusselt 

m_dot=rho*Vel*A_c 

Q_dot=h*A*(T_s-T_e) 

Q_dot= m_d of* C_p* (T_e -T_i ) 


Vel [m/s] 

Q [W] 

1 

9.453 

2 

16.09 

3 

20.96 

4 

24.67 

5 

27.57 

6 

29.91 

7 

31.82 

8 

33.41 

9 

34.76 

10 

35.92 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


T s [C] 

Q[W] 

30 

10.59 

35 

14.12 

40 

17.64 

45 

21.15 

50 

24.67 

55 

28.18 

60 

31.68 

65 

35.18 

70 

38.68 

75 

42.17 

80 

45.65 

85 

49.13 

90 

52.6 
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8-55 Air enters a rectangular duct. The exit temperature of the air, the rate of heat transfer, and the fan 
power are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an 
ideal gas with constant properties. 4 The pressure of air in the duct is 1 atm. 

Properties We assume the bulk mean temperature for air to be 40°C since the mean temperature of air at 
the inlet will drop somewhat as a result of heat loss through the duct whose surface is at a lower 
temperature. The properties of air at this temperature and 1 atm are (Table A- 15) 

p — 1.1 27 kg/m 3 


k = 0.02662 W/m.°C 
v = 1.702xl0" 5 m 2 /s 


c p = 1007 J/kg.°C 


P = 10°C 


Pr = 0.7255 


Analysis ( a ) The hydraulic diameter, the mean 
velocity of air, and the Reynolds number are 
4A 4(0.15 m)(0.20m) 


D h = 


Re = 


p 2[(0.15m) + (0.20 m)] 
(7 m/s)(0.1714m) 


= 0.1714 m 


V D, 

r avg h 

V 


1.702x 10 -5 m 2 /s 


= 70,500 



which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h *L t *10 D h = 10(0.1714 m) = 1.714 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 
hDi 


Nu = 


= 0.023 Re 0 ' 8 Pr 03 = 0.023(70,500) UO (0.7255) UJ = 157.9 


0 . 8 . 


,0.3 


Heat transfer coefficient is 


» = _ 0-02662 W/m.°C (1 g 7 = 24 . 52 w/m 2 . c 


D 


h 


0.1714m 


Next we determine the exit temperature of air 

A s = 2x7[(0.15 m) + (0.20 m)] = 4.9 m 2 

A c = (0. 15 m)(0.20 m) = 0.03 m 2 
lii = pVA c = (1 . 127 kg/m 3 )(7 m/s)(0.03 m 2 ) = 0.2367 kg/s 


(24.52X4.9) 


T e =T S ~(T S -T t )e hA * ,(thc r ) =!0-(l0-50)e 


(0.2367X1007) = 34 # X6o C 

( b ) The logarithmic mean temperature difference and the rate of heat loss from the air are 

34.16-50 


AT ln = 


In 


T -T 

x e M i 

f IT I rj-t ~\ 

* s ~ * e 

T -T 

\ L s L i J 


In 


10-34.16 

10-50 


= 31.42°C 


Q = hA s AT ln = (24.52 W/m 2 .°C)(4.9 m 2 )(31.42°C) = 3775 W 

(c) The friction factor, the pressure drop, and then the fan power can be determined for the case of fully 
developed turbulent flow to be 

/ = 0.1 84 Re -0 ' 2 =0.1 84(70,500) "°- 2 =0.01973 


L PV avg 

A P = f — = 0.01973 


(7 m) (1.127 kg/m 3 )(7 m/s) 2 


D 


(0.1714m) 


W 


mAP (0.2367 kg/s)(22.25 N/m 2 ) 


pump 


P 


1.127 kg/m 


2 


= 4.67 W 


= 22.25 N/m 


2 
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8-56 EES Prob. 8-55 is reconsidered. The effect of air velocity on the exit temperature of air, the rate of heat 
transfer, and the fan power is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=7 [m] 

height=0.15 [m] 
width=0.20 [m] 

T_i=50 [C] 

Vel=7 [m/s] 

T_s=10 [C] 

"PROPERTIES" 

Fluid$='air' 

C_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C) 
k=Conductivity(Fluid$, T=T_ave) 

Pr=Prandtl(Fluid$, T=T_ave) 
rho=Density(Fluid$, T=T_ave, P=101.3) 
mu=Viscosity(Fluid$, T=T_ave) 
nu=mu/rho 
T_ave=1/2*(T_i+T_e) 

"ANALYSIS" 

"(a)" 

A_c=width*height 

p=2*(width+height) 

D_h=(4*A_c)/p 

Re=(Vel*D_h)/nu "The flow is turbulent" 

L_t=10*D_h "The entry length is much shorter than the total length of the duct." 

Nusselt=0.023*Re A 0.8*Pr A 0.3 

h=k/D_h*Nusselt 

A=2*L*(width+height) 

m_dot=rho*VePA_c 

T_e=T_s-(T_s-TJ)*exp((-h*A)/(m_dot*C_p)) 

"(b)" 

DELTAT_ln=(T_e-TJ)/ln((T_s-T_e)/(T_s-T_i)) 

Q_dot=h*A*DELTAT_ln 

"(c)" 

f=0.184*Re A (-0.2) 

DELTAP=f*L/D_h*(rho*Vel A 2)/2 

W_dot_pump=(m_dot*DELTAP)/rho 


Vel [m/s] 

t p rci 

0 [W] 

w niimn rwi 

1 

29.01 

715.6 

0.02012 

1.5 

30.14 

1014 

0.06255 

2 

30.92 

1297 

0.1399 

2.5 

31.51 

1570 

0.2611 

3 

31.99 

1833 

0.4348 

3.5 

32.39 

2090 

0.6692 

4 

32.73 

2341 

0.9722 

4.5 

33.03 

2587 

1.352 

5 

33.29 

2829 

1.815 

5.5 

33.53 

3066 

2.369 
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8-57 Hot air enters a sheet metal duct located in a basement. The exit temperature of hot air and the rate of 
heat loss are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal 
resistance of the duct is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 
atm. 

Properties We expect the air temperature to drop somewhat, and evaluate the air properties at 1 atm and 
the estimated bulk mean temperature of 50°C (Table A- 15), 


p = 1 .092 kg/m 3 ; k = 0.02735 W/m.°C 

v = 1.798xl0~ 5 m 2 /s; c p = 1007 J/kg.°C 


Pr = 0.7228 

Analysis The surface area and the Reynolds number are 
A s = 4aL = 4x (0.2 m)(12 m) = 9.6 m 

4a 2 


D„ = 


44 

P 


4 a 


- a- 0.2 m 


Re _ y aV g J P ; , _ (4 m/s)(0.20 m) _ ^ ^ 
V 1.798xl0 -5 m 2 /s 


T^= 10°C 



which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 

L h 10 D h = 10(0.2 m) = 2.0 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow for the entire duct, and determine the Nusselt number from 

N11 = = 0.023 Re 08 Pr 03 = 0.023(44,494) 08 (0.7228) 03 = 109.2 

k 


and 


h = -^—Nu = 0-02735 W/m.°C = ^3 w/m 2, c 


D 


h 


0.2 m 


The mass flow rate of air is 


m = pA c V = (1. 092 kg/m 3 )(0.2x 0.2 m 2 )(4 m/s) = 0.1 747 kg/s 

In steady operation, heat transfer from hot air to the duct must be equal to the heat transfer from the duct to 
the surrounding (by convection and radiation), which must be equal to the energy loss of the hot air in the 
duct. That is, 

Q ~ ^conv,in — ^conv+rad,out — ^^hot air 

Assuming the duct to be at an average temperature of T s , the quantities above can be expressed as 


Q c 


conv,in * 


Q= h i A s AT \n = h A 


T -T 

x e ± i 


2 o /r - 2 \ ^ e 


In 


f r T 1 r f \ 

* s * e 

T ~T 

V 1 S 1 1 J 


■> Q = (14.93 W/m z .°C)(9.6m z ) 


f r T 1 r T 1 \ 

1 s * e 


In 


Js -60 


Q 


conv+rad,out * 


Q = KA S (T S - T 0 ) + sA s a\T ‘ s 4 -T a 4 ) Q = (10 W/m 2 .°C)(9.6m 2 )(7’ i -10)°C 

+ 0. 3(9.6 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(r s +273) 4 -(10 + 273 ) 4 ]k 


AE, 


. hotair : <2 = me p ( T e -T t )^Q = (0.1747 kg/s)(1007 J/kg. o C)(60 -7 e )°C 

This is a system of three equations with three unknowns whose solution is 
Q = 2622 W, T e = 45.1°C, and T s = 33.3°C 
Therefore, the hot air will lose heat at a rate of 2622 W and exit the duct at 45.1°C. 
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8-58 EES Prob. 8-57 is reconsidered. The effects of air velocity and the surface emissivity on the exit 
temperature of air and the rate of heat loss are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


8-34 


"GIVEN" 

T_i=60 [C] 

L=1 2 [m] 
side=0.20 [m] 

Vel=4 [m/s] 
epsilon=0.3 
T_o=1 0 [C] 
h_o=10 [W/m A 2-C] 

T_surr=1 0 [C] 

"PROPERTIES" 

Fluid$='air' 

C_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C) 
k=Conductivity(Fluid$, T=T_ave) 

Pr=Prandtl(Fluid$, T=T_ave) 
rho=Density(Fluid$, T=T_ave, P=101.3) 
mu=Viscosity(Fluid$, T=T_ave) 
nu=mu/rho 

T_ave=T_i-10 "assumed average bulk mean temperature" 

"ANALYSIS" 

A=4*side*L 

A_c=side A 2 

p=4*side 

D_h=(4*A_c)/p 

Re=(Vel*D_h)/nu "The flow is turbulent" 

L_t=10*D_h "The entry length is much shorter than the total length of the duct." 

Nusselt=0.023*Re A 0.8*Pr A 0.3 

h_i=k/D_h*Nusselt 

m_dot=rho*Vel*A_c 

Q_dot=Q_dot_conv_in 

Q_dot_conv_in=Q_dot_conv_out+Q_dot_rad_out 

Q_dot_convJn=h_i*A*DELTAT_ln 

DELTAT_ln=(T_e-TJ)/ln((T_s-T_e)/(T_s-T_i)) 

Q_dot_conv_out=h_o*A*(T_s-T_o) 

Q_dot_rad_out=epsilon*A*sigma*((T_s+273) A 4-(T_surr+273) A 4) 
sigma=5.67E-8 "[W/m A 2-K A 4], Stefan-Boltzmann constant" 
Q_dot=m_dot*C_p*(T_i-T_e) 


Vel [m/s] 

t p rci 

OfW] 

1 

33.85 

1150 

2 

39.43 

1810 

3 

42.78 

2273 

4 

45.1 

2622 

5 

46.83 

2898 

6 

48.17 

3122 

7 

49.25 

3310 

8 

50.14 

3469 

9 

50.89 

3606 

10 

51.53 

3726 
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8 

T e [C] 

Q [W] 

0.1 

45.82 

2495 

0.2 

45.45 

2560 

0.3 

45.1 

2622 

0.4 

44.77 

2680 

0.5 

44.46 

2735 

0.6 

44.16 

2787 

0.7 

43.88 

2836 

0.8 

43.61 

2883 

0.9 

43.36 

2928 

1 

43.12 

2970 



Vel [m/s] 
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8-59 The components of an electronic system located in a rectangular horizontal duct are cooled by forced 
air. The exit temperature of the air and the highest component surface temperature are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal 
resistance of the duct is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 
atm. 


Properties We assume the bulk mean temperature for air to be 35 °C since the mean temperature of air at 
the inlet will rise somewhat as a result of heat gain through the duct whose surface is exposed to a constant 
heat flux. The properties of air at 1 atm and this temperature are (Table A- 15) 


p = 1.145 kg/m 3 
k = 0.02625 W/m.°C 

v = 1.655xl0" 5 m 2 /s 
c p =1007 J/kg.°C 
Pr = 0.7268 

Analysis ( a ) The mass flow rate of air and 
the exit temperature are determined from 



o 

0.65 m /min 


m = pO - (1.145 kg/m 3 )(0. 65 m 3 /min) = 0.7443 kg/min = 0.0124 kg/s 


Q 


Q = rhc p (T e -T i )^T e =T i + — = 27°C-f 


(0.85)(180 W) 


me 


p 


(0.0124 kg/s)( 1 007 J/kg.°C) 


= 39.3°C 


( b ) The mean fluid velocity and hydraulic diameter are 


V = 

m 


D h = 


{/ 0.65 m/m in 

a 7~ (0.16 m)(0.16 m) 
4A 4(0.16 m)(0. 16 m) 


P 


4(0. 16 m) 


= 25.4 m/m in = 0.4232 m/s 
= 0.16 m 


Then 


Rc Vgvggft (0.4232 m/s)(0. 16 m) 


V 


1.655xl(T 5 m 2 /s 


which is not greater than 10,000 but the components will cause turbulence and thus we can assume fully 
developed turbulent flow in the entire duct, and determine the Nusselt number from 


Nu = 


JiD, 


= 0.023 Re Pr 0 ' 4 = 0.023(4091) (0.7268) 04 =15.69 


and 


h = -^—Nu = °- 02625 W/m-°C (15 , 69) = 2 .574 W/m 2 .°C 


D 


h 


0.16m 


The highest component surface temperature will occur at the exit of the duct. Assuming uniform surface 
heat flux, its value is determined from 

Q! A = h(T , ■ , t - T ) 


r T 1 r T 1 

s, highest ~ ^ e 


s, highest 

Q! A s = 39 2 o C + (0.85X180 W)/[4(0.16m)(lm)] = 


h 


2.574 W/m 2 .°C 
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8-60 The components of an electronic system located in a circular horizontal duct are cooled by forced air. 
The exit temperature of the air and the highest component surface temperature are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal 
resistance of the duct is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 
atm. 


Properties We assume the bulk mean temperature for air to be 35 °C since the mean temperature of air at 
the inlet will rise somewhat as a result of heat gain through the duct whose surface is exposed to a constant 
heat flux. The properties of air at 1 atm and this temperature are (Table A- 15) 


p = 1.145 kg/m 3 
k = 0.02625 W/m.°C 

v = 1.655xl0" 5 m 2 /s 
c p = 1007 J/kg.°C 
Pr = 0.7268 

Analysis (a) The mass flow rate of air and the 
exit temperature are determined from 



m = pO - (1.145 kg/m 3 )(0. 65 m 3 /min) = 0.7443 kg/min = 0.0124 kg/s 


Q - me p (T e -T i )-^T e = T t + 


Q 


= 27 °C + 


(0.85)(180 W) 


me 


p 


(0.0124 kg/s)( 1 007 J/kg.°C) 


39.3 °C 


(b) The mean fluid velocity is 

V 0 0.65m/min 

A c ;r(0.15 m) 2 /4 


= 36.8 m/min = 0.613 m/s 


Then, 


Re = 


V D, 

r avg n 


V 


(0.613 m/s)(0.15m) 
1.655 xlO" 5 m 2 /s 


= 5556 


which is not greater than 10,000 but the components will cause turbulence and thus we can assume fully 
developed turbulent flow in the entire duct, and determine the Nusselt number from 

Nu = hi)lL = 0.023 Re 0 ' 8 Pr 0 ' 4 = 0.023(5556) a8 (0.7268) a4 = 20.05 
k 


and 


h = J^ Nu = 002625 W^C = 3 . 51 w/m2 . oc 


D 


h 


0.15m 


The highest component surface temperature will occur at the exit of the duct. Assuming uniform heat flux, 
its value is determined from 


<7 - h( T s, highest - T e )^> T s , highest - T e +— - 39.2°c + 


h 


(0.85 )( 1 80 W)/[^(0. 1 5 m)( 1 m)' 
3.51 W/m 2 .°C 


= 131.7°C 
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8-61 Air enters a hollow-core printed circuit board. The exit temperature of the air and the highest 
temperature on the inner surface are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 Heat generated is uniformly distributed over the two 
surfaces of the PCB. 3 Air is an ideal gas with constant properties. 4 The pressure of air is 1 atm. 


Properties We assume the bulk mean temperature for air to be 40°C since the mean temperature of air at 
the inlet will rise somewhat as a result of heat gain through the hollow core whose surface is exposed to a 
constant heat flux. The properties of air at 1 atm and this temperature are (Table A- 15) 


p = 1.127 kg/m 3 
k = 0.02662 W/m.°C 


Electronic components, 
20 W 


v = 1.702xl0‘ 5 m 2 /s 
c p = 1007 J/kg.°C 
Pr = 0.7255 

p h =1.918xl0 -5 kg/m.s 
p s @ 60 °c =2.008xl0 -5 kg/m.s 



Analysis (a) The mass flow rate of air and the exit temperature are determined from 
m - pO - (1.127 kg/m 3 )(0. 8 xlO" 3 m 3 /s) = 9.02xl0’ 4 kg/s 


Q 


Q = me p (T e — T t )—> T e = T t + -^- = 32°C-i 


20 W 


mc p (9.02 xlO -4 kg/s )( 1007 J/kg.°C) 


= 54.0°C 


(b) The mean fluid velocity and hydraulic diameter are 

0 


0.8xlQ~ 3 m 3 /s 
avg ~ A~ (0.12 m)(0.0025 m) 


= 2.67 m/s 


D h = 


C 

4 A, 


4(0.12 m)(0.0025 m) 


P 2[(0.12m) + (0.0025 m)] 


= 0.0049 m 


Then, 

„ v *vg D h (2.67 m/s)(0.0049 m) 
v 1.702xl0 -5 m 2 /s 

which is less than 2300. Therefore, the flow is laminar and the thermal entry length in this case is 
L t =0.05 Re Pr D h = 0.05(769)(0.7255)(0.0049 m) = 0.14 m 


which is shorter than the total length of the duct. Therefore, we assume thermally developing flow , and 
determine the Nusselt number from 


Nu = 


and, 


hD t 


= 1.86 


f Re Pr I) 

1/3 


p 

£ 

oo 

os 

” (769)(0.7255)(0.0049) ” 

1/3 

1.918xl0 -5 " 

l L j 


V Ps J 

0.18 


v 2.008x10^+ 


0.14 


= 4.58 


» = —»« = 0 02662 W,m °C (4.58) = 24.9 W/m 1 ,°C 


D 


h 


0.0049 m 


The highest component surface temperature will occur at the exit of the duct. Its value is determined from 

Q 


Q llA s (T s hi g hest T e ) > T s highest T, 


= 54.0°C + 


s, highest 1 e 


20 W 


hA. 


(24.9 W/m .C) 


2(0. 12x0.18 + 0.0025 x 0. 1 8)m 


i = 72.2°C 
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8-62 Air enters a hollow-core printed circuit board. The exit temperature of the air and the highest 
temperature on the inner surface are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 Heat generated is uniformly distributed over the two 
surfaces of the PCB. 3 Air is an ideal gas with constant properties. 4 The pressure of air is 1 atm. 

Properties We assume the bulk mean temperature for air to be 40°C since the mean temperature of air at 
the inlet will rise somewhat as a result of heat gain through the hollow core whose surface is exposed to a 
constant heat flux. The properties of air at 1 atm and this temperature are (Table A- 15) 


p = 1.127 kg/m 3 
k = 0.02662 W/m.°C 


Electronic components, 
35 W 


v = 1.702x 10" 5 m 2 /s 
c p = 1007 J/kg.°C 
Pr = 0.7255 

ju h =1.918xl0 -5 kg/m.s 
p s@ 8o°c =2.096xl0 -5 kg/m.s 







x x x x > x x x x j 


scacaM 


* x x x x > x x x x x 





L = 18 cm 


0.8 L/s Air channel 
0.25 cm x 12 


Analysis (a) The mass flow rate of air and the exit temperature are determined from 
m = pV = (1.127 kg/m 3 )(0.8xl0" 3 m 3 /s) = 9.02xl0‘ 4 kg/s 


Q 


Q = mc p (T e - Tf )^>T e = T, + = 32°C 4 


35 W 


mC 


p (9.02 x 1(T 4 kg/s)( 1007 J/kg.°C) 

(b) The mean fluid velocity and hydraulic diameter are 

0 


= 70.5°C 


0.8xl0~ 3 m 3 /s 


V 

g A (0.12 m)(0.0025 m) 


= 2.67 m/s 


D h = 


C 

4 A. 


4(0. 12 m)(0.0025 m) 

P ~ 2[(0. 12 m) + (0.0025 m)] 


= 0.0049 m 


Then, 

D y avg D h (2.67 m/s)(0.0049 m) 

Re = = — = 769 

v 1.702 x 10~ 5 m 2 /s 

which is less than 2300. Therefore, the flow is laminar and the thermal entry length in this case is 
L t = 0.05 Re Pr D h = 0.05(783)(0.71)(0.0049 m) = 0.14 m 


which is shorter than the total length of the duct. Therefore, we assume thermally developing flow , and 
determine the Nusselt number from 


Nu = 
and, 


hD " -186 

' Re Pi- 1) 

1/3 

f 

so 

00 

H 

H 

d 

” (769)(0.7255)(0.0049) ” 

1/3 

T.918x10^ 5 ' 

0.14 

k 

{ L j 


Ivsj 

0.18 


v 2.096 xl(T 5 y 



= 4.55 


h = -^—Nu = °' 0266 2W/m°C p) = 24.7 W/m 2 .°C 


D 


h 


0.0049 m 


The highest component surface temperature will occur at the exit of the duct. Its value is determined from 

Q 


Q hA s (T s , highest ^ s. highest ^ e ^ 


s, highest 


hA, 


= 70.5°C + 


35 W 


(24.7 W/m 2 .°C) [2(0. 12x0.18 + 0.0025 x 0. 1 8)m z ] 


= 102.6°C 
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8-63E Water is heated by passing it through thin- walled copper tubes. The length of the copper tube that 
needs to be used is to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the tube are smooth. 3 The thermal 
resistance of the tube is negligible. 4 The temperature at the tube surface is constant. 

Properties The properties of water at the bulk mean fluid temperature of T h avg = (60 + 140) 12 = 100°F are 

(Table A-9E) 



777 pA c V avg ^ ^avg 


777 


0.4 lbm/s 


Re = 


V D, 

r avg n 


V 


pA c (62 lbm/ft 3 )[/r(0.75/12 ft) 2 /4] 
(2.10 ft/s)(0.75/12 ft) 


= 2.10 ft/s 


0.738xl0 -5 ft 2 /s 


= 17,810 


which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h « L t « 10 D = 10(0.75 in) = 7.5 in 

which is probably shorter than the total length of the pipe we will determine. Therefore, we can assume 
fully developed turbulent flow in the entire duct, and determine the Nusselt number from 

k[ ^- = 0.023 Re 0 ' 8 Pr 0 ' 4 = 0.023(17,810) a8 (4.54) a4 = 105.9 


and 


Nu = 


, k __ 0.363 Btu/h.ft.°F , ,2or 

h = Nu = (105.9) = 615 Btu/h.ft 2 .°F 


D 


h 


(0.75/ 12) ft 


The logarithmic mean temperature difference and then the rate of heat transfer per ft length of the tube are 

140-60 


Ar in = 


In 


T -T 

i e x i 

f r T~* r T~’ \ 

* s — * e 

T -T 

V 1 S 1 1 J 


In 


250-140 

250-60 


= 146.4°F 


Q = hA s AT ln = (615 Btu/h.ft 2 .°F)[^(0.75 / 12ft)(l ft)](146.4°F) = 17,675 Btu/h 
The rate of heat transfer needed to raise the temperature of water from 60°F to 140°F is 

Q = mc p (T e -Tf) = (0.4x3600 lbm/h)(0.999 Btu/lbm.°F)(140-60)°F = 115,085 Btu/h 

Then the length of the copper tube that needs to be used becomes 

115,085 Btu/h 


Length = 


6.51 ft 


17,675 Btu/h 

( b ) The friction factor, the pressure drop, and then the pumping power required to overcome this pressure 
drop can be determined for the case of fully developed turbulent flow to be 


/ = 0.184Re~°' 2 = 0. 184(1 7,8 lO)^ 02 =0.02598 


A P = f 


L PV; 


avg 


D 


= 0.02598 


(7.69 ft) (62 lbm/ft 3 )(2. 10 ft/s) 2 r 


(0.75 /12 ft) 


2 


llbf 


32.174 lbm-ft/s 


= 13.58 lbf/ft 


W 


mAP (0.4 lbm/s)(13.58 lbf/ft 2 ) 


pump 


P 


62 lbm/ft 


lhp 


550 lbf - ft/s 


= 0.00016 hp 
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8-64 A computer is cooled by a fan blowing air through its case. The flow rate of the air, the fraction of the 
temperature rise of air that is due to heat generated by the fan, and the highest allowable inlet air 
temperature are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 Heat flux is uniformly distributed. 3 Air is an ideal gas with 
constant properties. 4 The pressure of air is 1 atm. 

Properties We assume the bulk mean temperature 
for air to be 25 °C. The properties of air at 1 atm and 
this temperature are (Table A- 15) 

p = 1.184 kg/m 3 
k = 0.02551 W/m.°C 

v = 1.562 xlO" 5 m 2 /s 
c p = 1007 J/kg.°C 
Pr = 0.7296 

Analysis (< a ) Noting that the electric energy consumed by the 
fan is converted to thermal energy, the mass flow rate of air is 

2+^elect,fan (8xl0 + 25)W 


Cooling 
air 



Q = the „ (T e — 7} ) — » lit = 


c p {T e -Ti) (1007 J/kg.°C)(10°C) 


= 0.01043 kg/s 


(b) The fraction of temperature rise of air that is due to the heat generated by the fan and its motor is 

Q 25 W 


Q = me p AT — » AT = 


me D (0.01043 kg/s)(1007 J/kg.°C) 


= 2.38°C 


2 38°C 

f =- = 0.238 = 23.8% 

10°C 

(c) The mean velocity of air is 


and 


m = pA c V , 
4 A 

D h = 


-> V = 

avg avg 


m 


(0.01043/ 8) kg/s 


pA c ( 1 . 1 84 kg/m 3 )[(0.003 m)(0. 12 m)] 
4(0.003 m)(0.12 m) 


= 3.06 m/s 


P 2(0.003 m + 0.12 m) 


= 0.00585 m 


Therefore, 


„ y avg D h (3.06 m/s)(0.00585 m) 

Re = — = = 1 146 


v 


1.562 xl0 “ 5 m 2 /s 


which is less than 2300. Therefore, the flow is laminar. Assuming fully developed flow, the Nusselt 
number is determined from Table 8-4 corresponding to a/b = 12/0.3 = 40 to be Nu = 8.24. Then, 

h = -A Nu _ 0-02551 W/ m .°C (g 24) = 35 9 w/m 2 , c 


D 


h 


0.00585 m 


The highest component surface temperature will occur at the exit of the duct. Assuming uniform heat flux, 
the air temperature at the exit is determined from 


<l = h (T S ' max ~ T e)^ T e = T 


s, max 


q nQOQ [(80 + 25)W]/[8x2(0.12x0.18 + 0.003xQ.18)m-] _ 6iaoc 
h 


35.9 W/m 2 .°C 


The highest allowable inlet temperature then becomes 


T e -T { =10°C^r ; =T e -10°C = 61.7°C -10°C = 51.7°C 


Discussion Although the Reynolds number is less than 2300, the flow in this case will most likely be 
turbulent because of the electronic components that that protrude into flow. Therefore, the heat transfer 
coefficient determined above is probably conservative. 
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Special Topic: Transitional Flow 


8-65E A liquid mixture flowing in a tube with a bell-mouth inlet is subjected to uniform wall heat flux. 
The friction coefficient is to be determined. 

Assumptions Steady operating conditions exist. 

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 13.8, v = 
18.4xl0' 6 ft 2 /s and jui/ju s = 1.12. 

Analysis: For the calculation of the non-isothermal fully developed friction coefficient, it is necessary to 
determine the flow regime before making any decision regarding which friction coefficient relation to use. 
The Reynolds number at the specified location is 

„ (0 / A )D [(2.16gal/min)/(2.11xl(r 3 ft 2 )](0.622 / 12 ft)f lft 3 /s ) 

Re = = 1 = 6425 

v 18.4x 10 -6 ft 2 /s ^ 448.8 gal/min 


since A c =ttD 2 /4 = ^(0.622/12 ft) 2 /4 = 2.110xl(T 3 ft 2 

From Table 8-6, the transition Reynolds number range for this case is 3860 < Re < 5200, which means that 
the flow in this case is turbulent and Eq. 8-80 is the appropriate equation to use. It gives 



= 0.00859 


Repeating the calculations when the volume flow rate is increased by 50%, we obtain 


(l> / A C )D _ [1.5(2. 16 gal/min)/(2.11xl0“ 3 ft 2 )](0.622 / 12 ft ) T lft 3 /s 
v 18.4xl0“ 6 ft 2 /s 448.8 gal/min 



= 0.00776 
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8-66 A liquid mixture flowing in a tube with a bell-mouth inlet is subjected to uniform wall heat flux. The 
friction coefficient is to be determined. 

Assumptions Steady operating conditions exist. 

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 14.85, v = 
1.93x1 O' 6 m 2 /s and im/Ms = 1.07. 

Analysis : For the calculation of the non-isothermal fully developed friction coefficient, it is necessary to 
determine the flow regime before making any decision regarding which friction coefficient relation to use. 
The Reynolds number at the specified location is 

„ (0 / A )D [(1.43x10^ m 3 /s)/(1.961xl0' 4 m 2 )](0.0158 m) 

Re = = 1 = 5973 

v 1.93xl(T 6 m 2 /s 


since A c = n D 2 / 4 = ;r(0.0158m) 2 / 4 = 1.961xl(T 4 m 2 

From Table 8-6, we see that for a bell-mouth inlet and a heat flux of 3 kW/m the flow is in the transition 
region. Therefore, Eq. 8-81 applies. Reading the constants A, B, C and m 2 , m 3 , and m 4 from Table 8-5, 

the friction coefficient is determined to be 


C 


/ j trans 


1 + 


1 + 


f Re^ 

B 

C 

( \ 

Mb 

l A, 



\Ms > 


f 5973 

-0.099 

V5340 J 



-1-6.32 


(1.07) 


-2.58-0.42 xl 6600~ 041 x 14.85 246 


= 0.0073 


8-67 A liquid mixture flowing in a tube with a bell-mouth inlet is subjected to uniform wall heat flux. The 
friction coefficient is to be determined. 

Assumptions Steady operating conditions exist. 

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 14.85, v = 
1.93xl0" 6 m 2 /s and jU{/ju s = 1.07. 

Analysis: For the calculation of the non-isothermal fully developed friction coefficient, it is necessary to 
determine the flow regime before making any decision regarding which friction coefficient relation to use. 
If the volume flow rate is increased by 50%, the Reynolds number becomes 

„ (1/ / A )D [(1.5x1. 43x10^ m 3 /s)/(1.961xl0~ 4 m 2 )](0. 0158m) 

v 1.93xl0" 6 m 2 /s 

since A c =kD 2 / 4 = ;r(0.0158m) 2 / 4 = 1.961xl(T 4 m 2 

From Table 8-6 for a bell-mouth inlet and a heat flux of 3 kW/m , the flow is in the turbulent region. To 
calculate the fully developed friction coefficient for this case, Eq. 8-80 for turbulent flow with m = - 0.25 is 
used. 


C 


/ ,turb 


0.0791 


Re 


0.25 


( \ m r 

Mb 


M 


0.0791 


V r~s J 


8960 


0.25 


(1.07) 


-0.25 


= 0.0080 
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8-68 A liquid mixture flowing in a tube is subjected to uniform wall heat flux. The Nusselt number at a 
specified location is to be determined for two different tube inlet configurations. 

Assumptions Steady operating conditions exist. 

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 33.46, v = 
3.45xl0' 6 m 2 /s and jUi/jU s = 2.0. 

Analysis For a tube with a known diameter and volume flow rate, the type of flow regime is determined 
before making any decision regarding which Nusselt number correlation to use. The Reynolds number at 
the specified location is 

n ((// A C )D [(2.05xl0~ 4 m 3 /s)/(1.961xl0~ 4 m 2 )](0. 0158m) Annn 

IVC — — ' — i / y\J 

v 3.45x 10 -6 m 2 /s 


since A c = n D 2 / 4 = ^(0.0158 m) 2 74 = 1.961x10 4 m 2 . 


Therefore, the flow regime is in the transition region for all three inlet configurations (thus use the 
information given in Table 8-8 with x/D =10) and therefore Eq. 8-83 should be used with the constants a , 
b, c found in Table 8-7. However, Nui am and Nu tur b are the inputs to Eq. 8-83 and they need to be evaluated 
first from Eqs. 8-84 and 8-85, respectively. It should be mentioned that the correlations for Nui am and Nu tur b 
have no inlet dependency. 

From Eq. 8-84: 


Nu [am =1.24 


Re Pr D 


v x j 
r 


+ 0.025 (GrPr) 


0.75 


— 1 1 / 3 

f \ 

Mb 


kMs y 


= 1.24 


v 


(4790)(33.46) 
10 


nl/3 


+ 0.025 [(60, 000)(33.46)]°- 


75 


( 2 . 0 ) 


0.14 


35.4 


From Eq. 8-85: 
Nu 


turb 


0.023 Re 08 Pr 0385 



-0.0054 

/ \ 

Mb 



KMs y 


= 0.023 (4790) 08 (33. 46) 0385 (lO) -0 ' 0054 (2.0) 0 14 =85.1 


Then the transition Nusselt number can be determined from Eq. 8-83, 

Nu trans = Nu lam +{ ex p[(a- Re )+]+Nu f tarb } C 

Case 1: For bell-mouth inlet: 

Nu trans = 35.4 + |exp[(6628 - 4790)/237]+ 85. 1~ 0 ' 980 j ~ 0 ' 980 =35.4 
Case 2: For re-entrant inlet: 

Nu trans = 35.4 + |exp[(l766 - 4790)/276] + 85. F 0 ' 955 }~ 0 ' 955 =92.9 

Discussion Comparing the two results, it can be seen that under the same conditions, the Nusselt number 
for the re-entrant inlet is much higher than that for the bell-mouth inlet. To verify this trend, refer to Fig. 8- 
35. 
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8-69 A liquid mixture flowing in a tube is subjected to uniform wall heat flux. The Nusselt number at a 
specified location is to be determined for two different tube inlet configurations. 

Assumptions Steady operating conditions exist. 

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 33.46, v = 
3.45xl0' 6 m 2 /s and H\Jfu s = 2.0. 

Analysis For a tube with a known diameter and volume flow rate, the type of flow regime is determined 
before making any decision regarding which Nusselt number correlation to use. The Reynolds number at 
the specified location is 

n ((// A C )D [(2.05xl0~ 4 m 3 /s)/(1.961xl0~ 4 m 2 )](0. 0158m) Annn 

IVC — — ' — i / y\J 

V 3.45x 10 -6 m 2 /s 


since A c =x D 2 /4 = ;r(0.0158m) 2 /4 = 1.961xl(T 4 m 2 . 


Therefore, the flow regime is in the transition region for all three inlet configurations (thus use the 
information given in Table 8-8 with x/D = 90) and therefore Eq. 8-83 should be used with the constants a , 
b, c found in Table 8-7. However, Nui am and Nu tur b are the inputs to Eq. 8-83 and they need to be evaluated 
first from Eqs. 8-84 and 8-85, respectively. It should be mentioned that the correlations for Nui am and Nu tur b 
have no inlet dependency. 

From Eq. 8-84: 


Nu | am =1.24 


Re Pr D 


v x j 
r 


+ 0.025 (GrPr) 


0.75 


- 1/3 

/ \ 

Mb 


V Ms y 


= 1.24 


v 


(4790)(33.46) 
90 


nl/3 


+ 0.025 [(60, 000)(33.46)]°- 


75 


( 2 . 0 ) 


0.14 


20.0 


From Eq. 8-85: 


0.023 Re 08 Pr 0385 



-0.0054 

f \ 

Mb 

Jij 


\Ms y 


= 0.023 (4790) 08 (33. 46) 0385 (90)“ 00054 (2.0) 0 ' 14 =84.1 


Then the transition Nusselt number can be determined from Eq. 8-83, 

Nu trans =Nu lam +{e X p[(a-Re)/^]+Nu f tarb } C 
Case 1: For bell-mouth inlet: 

Nu trans =20.0+{exp[(6628-4790)/237] + 84 . r 0 ' 980 } _0 ' 980 = 20.0 
Case 2: For re-entrant inlet: 

Nu trans = 20.0 + |exp[(l 766- 4790)/276] + 84. 1~°' 955 j -0 ' 955 =76.9 

Discussion Comparing the two results, it can be seen that under the same conditions, the Nusselt number 
for the re-entrant inlet is much higher than that for the bell-mouth inlet. To verify this trend, refer to Fig. 8- 
35. 
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Review Problems 

8-70 A silicon chip is cooled by passing water through microchannels etched in the back of the chip. The 
outlet temperature of water and the chip power dissipation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The flow of water is fully developed. 3 All the heat 
generated by the circuits on the top surface of the chip is transferred to the water. 



c p =4180 J/kg.°C 


Properties Assuming a bulk mean fluid temperature of 25°C, the properties of water are (Table A-9) 
p = 997 kg/m 3 
k = 0.607 W/m.°C 

jU = 0.891xl0' 3 m 2 /s 

Analysis (a) The mass flow rate for one channel, the hydraulic diameter, and the Reynolds number are 


Pr = 6.14 


m 


m = 


total 0.005 kg/s 


= 0.0001 kg/s 


D h = 


n channel 50 

4 A _ 4 (HxW) _ 4(50x200) 
p ~ 2 (H+W) ~ 2(50 + 200) 


= 80 jum = 8xl0‘ 5 m 


Re = 


pVD h pmVD h mD h 


(0.0001 kg/s)(8xl0' 5 m) 


= 898 


H pA cJ u A cJ u (50x200xl(T 12 m 2 )(0.891x 1(T 3 kg/m-s) 

which is smaller than 2300. Therefore, the flow is laminar. We take fully developed laminar flow in the 
entire duct. The Nusselt number in this case is 
Nu = 3.66 

Heat transfer coefficient is 

, k Ar 0.607 W/m.°C 2 

h = — Nu = (3.66) = 27,770 W/m 2 .°C 

D 8xl0 -5 m 

Next we determine the exit temperature of water 

A = 2WL + 2 HL = 2(0.05 x 0.01) + 2(0.05 x 0.2) = 0.02 1 mm 2 = 2.1 x 10 -6 m 2 


T = T - (T -TAe llAI( ' hCp) =350- (350-290) exp 


(27,770)(2.1xlQ~ 6 ) 
(0.0001)(4180) 


297.8 K 


Then the rate of heat transfer becomes 

Q = me p (T e -T { ) = (0.0001 kg/s)(4180 J/kg.°C)(350 -297.8)°C = 21.82 W 

(b) Noting that there are 50 such channels, the chip power dissipation becomes 
W e = «channd Gone channel = 50(21.82 W) = 1091 W 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



8-47 


8-71 Water is heated by passing it through five identical tubes that are maintained at a specified 
temperature. The rate of heat transfer and the length of the tubes necessary are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The 
inner surfaces of the tubes are smooth. 4 Heat transfer to the surroundings is negligible. 

Properties The properties of water at the bulk mean fluid temperature of (15+35)/2=25°C are (Table A-9) 


p = 997 kg/m 3 
k = 0.607 W/m.°C 
/j = 0.891xl0' 3 m 2 /s 
c p = 4180 J/kg.°C 
Pr = 6.14 

Analysis (a) The rate of heat transfer is 



Q = me p (T e -7)) = (10 kg/s)(41 80 J/kg.°C)(35 - 15)°C = 836,000 W 


( b ) The water velocity is 

m (10/5) kg/s 


V = 


= 1.02 m/s 


PK (997 kg/m 3 );r(0.05 m) 2 / 4 
The Reynolds number is 

R e = P VD = (997 kg/m 3 )(1, 02 m/s)(0.05m) _ ^ ^ 


P 


0.891x 10~ 3 kg/m-s 


which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the 
entire tube, the Nusselt number is determined from 


Nu = 


hD 


= 0.023 Re 08 Pr 04 = 0.023(57, 067) 08 (6. 14) 04 =303.5 


Heat transfer coefficient is 


h = — Nu = a6Q7 W/m - - C (303.5) = 3684 W/m 2 .°C 
D 0.05 m 


Using the average fluid temperature and considering that there are 5 tubes, the length of the tubes is 
determined as follows: 


Q 

A 


hA(T s -T bava ) > 836,000 W = (3684 W/m 2 -°C)A(60-25)°C >A ; 


5;rDL 


*L = 


A 


6.484 m 


5 kD 5^(0. 05 m) 


= 8.26 m 


6.484 m 2 
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8-72 Water is heated by passing it through five identical tubes that are maintained at a specified 
temperature. The rate of heat transfer and the length of the tubes necessary are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The 
inner surfaces of the tubes are smooth. 4 Heat transfer to the surroundings is negligible. 

Properties The properties of water at the bulk mean fluid temperature of (15+35)/2=25°C are (Table A-9) 

p - 997 kg/m 3 
k = 0.607 W/m.°C 

/u = 0.891xl0' 3 m 2 /s 
c p = 4180 J/kg.°C 
Pr = 6. 14 

Analysis (a) The rate of heat transfer is 

Q = me p (T e -T t ) = (20 kg/s)(4180 J/kg.°C)(35 -15)°C = 1,672,000 W 

( b ) The water velocity is 

(20/ 5) kg/s 



V = 


m 


pA c (997 kg/m 3 )|/r(0.05 m) 2 / 4 
The Reynolds number is 


= 2.04 m/s 


Re = 


pVD (997 kg/m 3 )(2.04 m/s)(0.05 m) 


A 


0.891x 10~ 3 kg/m-s 


= 114,320 


which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the 
entire tube, the Nusselt number is determined from 

Nu = = 0.023 Re 0 ' 8 Pr 04 = 0.023(1 14,320) 08 (6. 14) 04 =529.0 


Heat transfer coefficient is 

h = —Nu = °' 6Q7 W/m - - C (529.0) = 6423 W/m 2 .°C 

D 0.05 m 

Using the average fluid temperature and considering that there are 5 tubes, the length of the tubes is 
determined as follows: 

Q = hA(T s - T b ) > 1,672,000 W = (6423 W/m 2 • °C) A(60 - 25)°C > A s = 7.43 8 m 


A = 5/rDL 


->L = 


A 


7.438 m 


5nD 5^(0. 05 m) 


= 9.47 m 
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8-73 Water is heated as it flows in a smooth tube that is maintained at a specified temperature. The 
necessary tube length and the water outlet temperature if the tube length is doubled are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The 
inner surfaces of the tube are smooth. 4 Heat transfer to the surroundings is negligible. 

Properties The properties of water at the bulk mean fluid temperature of (10+40)/2=25°C are (Table A-9) 

p - 997 kg/m 3 
k = 0.607 W/m.°C 

/u = 0.891xl0' 3 m 2 /s 
c p = 4180 J/kg.°C 
Pr = 6. 14 

Analysis (a) The rate of heat transfer is 

Q = me p (T e -T t ) = (1500/3600 kg/s)(4180 J/kg.°C)(40-10)°C = 52,250 W 

The water velocity is 

(1500/3600) kg/s 



V = 


m 


pA c (997 kg/m 3 )[r(0.01 m) 2 / 4 
The Reynolds number is 


= 5.32 m/s 


Rc pVD (997 kg/m 3 )(5.32 m/s)(0.01 m) gf?512 


M 


0.891x 10~ 3 kg/m-s 


which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the 
entire tube, the Nusselt number is determined from 

Nu = = 0.023 Re 08 Pr 0 ' 4 = 0.023(59, 542) 0 ' 8 (6.14) 0 ' 4 =313.9 


Heat transfer coefficient is 



0.607 W/m.°C 
0.01m 


(313.9)= 19,056 W/m 2 .°C 


Using the average fluid temperature, the length of the tubes is determined as follows: 

Q = hA(T s - r Mvg ) > 52,250 W = (1 9,056 W/m 2 • °C) A(49 - 25)°C > A s = 0.1142 m 2 

A = 7rDL >0.1 142 m 2 = ;r(0.0 1 m)L > L = 3.6 m 


(b) If the tube length is doubled, the surface area doubles, and the outlet water temperature may be 
obtained from an energy balance to be 


me p (T e -Tj) = hA s (T s - T b mg ) 
(1500 / 3600)(4180)(r - 10) = (19,056)(2 x 0.1 142) 


io+0 

49 ^ 

2 


T = 53.3°C 


which is greater than the surface temperature of the wall. This is impossible. It shows that the water reaches 
the surface temperature before the entire length of tube is covered and in reality the water will leave the 
tube at the surface temperature of 49°C. This example demonstrates that the use of unnecessarily long tubes 
should be avoided. 
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8-74 Geothermal water is supplied to a city through stainless steel pipes at a specified rate. The electric 
power consumption and its daily cost are to be determined, and it is to be assessed if the frictional heating 
during flow can make up for the temperature drop caused by heat loss. 

Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the 
flow is fully developed. 3 The minor losses are negligible because of the large length-to-diameter ratio and 
the relatively small number of components that cause minor losses. 4 The geothermal well and the city are 
at about the same elevation. 5 The properties of geothermal water are the same as fresh water. 6 The fluid 
pressures at the wellhead and the arrival point in the city are the same. 

Properties The properties of water at 1 10°C are p = 950.6 kg/m 3 , p = 0.255xl0' 3 kg/m-s, and c p = 4.229 
kJ/kg-°C (Table A-9). The roughness of stainless steel pipes is 2x1 O' 6 m (Table 8-3). 

Analysis (a) We take point 1 at the well-head of geothermal resource and point 2 at the final point of 
delivery at the city, and the entire piping system as the control volume. Both points are at the same 
elevation (z 2 = Z 2 ) and the same velocity (V\ = V 2 ) since the pipe diameter is constant, and the same 
pressure ( P\ = P 2 ). Then the energy equation for this control volume simplifies to 


A 

pg 


Yl 

2 g 


f Zi+h 


pump,u 


A 

pg 



±z 2 +h 


turbine 





h 


pump,u 



That is, the pumping power is to be used to overcome 
the head losses due to friction in flow. The mean 
velocity and the Reynolds number are 

1.5m 3 /s 


1/ 


V 

avg A 


{/ 


jzD 2 / 4 ;r(0.60 m) 2 / 4 


= 5.305 m/s 


Water 
1.5 m 3 /s 



Re = 


pV avg^ (950.6 kg/m 3 )(5.305 m/s)(0.60 m) 


P 0.255 x 10~ 3 kg/m-s 

which is greater than 10,000. Therefore, the flow is turbulent. The relative roughness of the pipe is 


= 1.186x10 


D = 60 cm 



L= 12 km 


s/D = 


2x10 6 m 
0.60 m 


= 3.33x10 


-6 


The friction factor can be determined from the Moody chart, but to avoid the reading error, we determine it 
from the Colebrook equation using an equation solver (or an iterative scheme), 


1 


V7 


= -2.0 log 


e/D 2.51 


3 - 7 ReV7J V7 


-> 


1 


= -2.0 log 


3.33x10 


-6 


2.51 


3.7 1.187x10 7 V7 


It gives /= 0.00829. Then the pressure drop, the head loss, and the required power input become 

17 ()()()m tOSIHS kp/rrCWS l()Sm/sr I 1 kN 1/ 1 kPa 1 

= 2218kPa 


L pV a 


AP = f- = o 00829 12 ’ 00 ° m (950 ' 6 kg/m3 )(53 ° 5 m/s)2 


D 2 


0.60m 


2 


lkN 

f lkPa ^ 

v 1000 kg- m/s 2 y 

vlkN/m 2 y 


W 

• v pump,u 

yv elect 

7 pump-motor 


VAP 


7 pump -motor 


(1.5 m 3 /s)(2218 kPa) 
065 


" 1 kW " 

vl kPa -m 3 /s y 


= 5118 kW 


Therefore, the pumps will consume 5118 kW of electric power to overcome friction and maintain flow. 

(b) The daily cost of electric power consumption is determined by multiplying the amount of power used 
per day by the unit cost of electricity, 

Amount = W elect - n At = (5118 kW)(24 h/day) = 122,832 kWh/day 


Cost = Amount x Unit cost = (122,832 kWh/day)($0.06/kWh) = $7370/day 
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(c) The energy consumed by the pump (except the heat dissipated by the motor to the air) is eventually 
dissipated as heat due to the frictional effects. Therefore, this problem is equivalent to heating the water by 
a 5 1 18 kW of resistance heater (again except the heat dissipated by the motor). To be conservative, we 
consider only the useful mechanical energy supplied to the water by the pump. The temperature rise of 
water due to this addition of energy is 


Select = A7 -> AT = 


*7 pump-motor ^elect, in 



°- 65x ( 5118kJ/s > = 0.55°C 

(950.6 kg/m 3 )(1.5 m 3 /s)(4.229 kJ/kg • °C) 


Therefore, the temperature of water will rise at least 0.55°C, which is more than the 0.5°C drop in 
temperature (in reality, the temperature rise will be more since the energy dissipation due to pump 
inefficiency will also appear as temperature rise of water). Thus we conclude that the frictional heating 
during flow can more than make up for the temperature drop caused by heat loss. 

Discussion The pumping power requirement and the associated cost can be reduced by using a larger 
diameter pipe. But the cost savings should be compared to the increased cost of larger diameter pipe. 
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8-75 Geothermal water is supplied to a city through cast iron pipes at a specified rate. The electric power 
consumption and its daily cost are to be determined, and it is to be assessed if the frictional heating during 
flow can make up for the temperature drop caused by heat loss. 

Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the 
flow is fully developed. 3 The minor losses are negligible because of the large length-to-diameter ratio and 
the relatively small number of components that cause minor losses. 4 The geothermal well and the city are 
at about the same elevation. 5 The properties of geothermal water are the same as fresh water. 6 The fluid 
pressures at the wellhead and the arrival point in the city are the same. 

Properties The properties of water at 1 10°C are p = 950.6 kg/m 3 , p = 0.255xl0' 3 kg/m-s, and c p = 4.229 
kJ/kg-°C (Table A-9). The roughness of cast iron pipes is 0.00026 m (Table 8-3). 

Analysis (a) We take point 1 at the well-head of geothermal resource and point 2 at the final point of 
delivery at the city, and the entire piping system as the control volume. Both points are at the same 
elevation (z 2 = z 2 ) and the same velocity (V\ = V 2 ) since the pipe diameter is constant, and the same 
pressure (Pi = P 2 ). Then the energy equation for this control volume simplifies to 


pg 


Yl 

2 g 


f Zi+h 


pump,u 


Pi_ 

pg 



*-z 2 +h 


turbine 



-» 


h 


pump,u 



That is, the pumping power is to be used to overcome 
the head losses due to friction in flow. The mean 
velocity and the Reynolds number are 


y 

avg A.. 


(/ 


1.5m j /s 


jzD 2 / 4 ;r(0.60 m) 2 / 4 


= 5.305 m/s 


Re = 


pV avg^ (950.6 kg/m 3 )(5.305 m/s)(0.60 m) 


P 


0.255 x 10 3 kg/m-s 



1.187 xlO 7 


which is greater than 10,000. Therefore, the flow is turbulent. The relative roughness of the pipe is 


e/D 


0.00026 m 
0.60 m 


4.33xl(T 4 


The friction factor can be determined from the Moody chart, but to avoid the reading error, we determine it 
from the Colebrook equation using an equation solver (or an iterative scheme), 


1 


77 


= -2.0 log 


s/D 2.51 


3 - 7 ReV7J V7 


-> 


1 


= -2.0 log 


4.33x10 


2.51 


A 


3.7 1.187x 10 7 a /7 


It gives /= 0.01623. Then the pressure drop, the head loss, and the required power input become 
2 „ 17 000 m rOSO fSkcy/m-'MS 70 S m/s r I 1 kN \l 1 LPa 1 

= 4342 kPa 


= f L PV avg _ Q Q1623 12,000 m (950.6 kg/m 3 )(5.305 m/s) 2 


D 


0.60 m 


( lkN ^ 

f 1 kPa ^ 

1000 kg- m/s y 

llkN/m 2 J 


W 

tt V pump,u 

Select = 

7 pump-motor 


l/AP 


7 pump -motor 


(1.5 m 3 /s)(4342 kPa) 
065 


1 kW N 
A kPa -m 3 /s y 


= 10,020 kW 


Therefore, the pumps will consume 10,017 W of electric power to overcome friction and maintain flow. 

( b ) The daily cost of electric power consumption is determined by multiplying the amount of power used 
per day by the unit cost of electricity, 

Amount = W elect in At = (10,020 kW)(24 h/day) - 240,480 kWh/day 


Cost = Amount x Unit cost = (240,480 kWh/day) ($0.0 6/kWh) = $14,430/day 
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(c) The energy consumed by the pump (except the heat dissipated by the motor to the air) is eventually 
dissipated as heat due to the frictional effects. Therefore, this problem is equivalent to heating the water by 
a 10,020 kW of resistance heater (again except the heat dissipated by the motor). To be conservative, we 
consider only the useful mechanical energy supplied to the water by the pump. The temperature rise of 
water due to this addition of energy is 


Select =pOc p KT -> AT = 


7 pump-motor ^elect, in 



0.65 x (10,020 kJ/s) 

(950.6 kg/m 3 )(1 .5 m 3 /s)(4.229 kJ/kg • °C) 


1.08°C 


Therefore, the temperature of water will rise at least 1.08°C, which is more than the 0.5°C drop in 
temperature (in reality, the temperature rise will be more since the energy dissipation due to pump 
inefficiency will also appear as temperature rise of water). Thus we conclude that the frictional heating 
during flow can more than make up for the temperature drop caused by heat loss. 

Discussion The pumping power requirement and the associated cost can be reduced by using a larger 
diameter pipe. But the cost savings should be compared to the increased cost of larger diameter pipe. 


8-76 The velocity profile in fully developed laminar flow in a circular pipe is given. The radius of the pipe, 
the mean velocity, and the maximum velocity are to be determined. 

Assumptions The flow is steady, laminar, and fully developed. 

Analysis The velocity profile in fully developed laminar flow in a circular pipe is 

f 2 A 


u(r) = V. 


max 


R 


The velocity profile in this case is given by 
u(r) = 6(l-100r 2 ) 

Comparing the two relations above gives the pipe radius, the 
maximum velocity, and the mean velocity to be 


r 2 = 1 


100 


— > 


R = 0.10 m 


l^max ^ Hl/S 




u(r)=V m!a (l-r /R 2 ) 
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8-77E The velocity profile in fully developed laminar flow in a circular pipe is given. The volume flow 
rate, the pressure drop, and the useful pumping power required to overcome this pressure drop are to be 
determined. 

Assumptions 1 The flow is steady, laminar, and fully developed. 2 The pipe is horizontal. 

Properties The density and dynamic viscosity of water at 40°F are p = 62.42 lbm/ft and p = 1.308x10" 
lbm/ft-s, respectively (Table A-9E). 

Analysis The velocity profile in fully developed laminar flow in a circular pipe is 


u(r) = V 


max 


1 


R 


u(r)=V max (l-r 2 /R 2 ) 


The velocity profile in this case is given by 
u(r) = 0.8(1 -625r 2 ) 

Comparing the two relations above gives the pipe radius, 
the maximum velocity, and the mean velocity to be 


r 2 = 1 


625 




R = 0.04 ft 



Emax =0.8 ft/s 


y avg = Lsel = MLi = o.4 ft/s 

Then the volume flow rate and the pressure drop become 

0 = V A = V (ttR 2 ) = (0.4 ft/s)[7T(0.04 ft) 2 ] = 0.00201 ft 3 /s 




avg c avg 

A PnD 4 


horiz 


-> 0.00201 ft J /s = 


(AP)^-(0.08 ft) 


128 juL 128(1. 308xl0 -3 lbm/ft • s)( 140 ft) 

It gives 

Ai 3 = 1 1.37 lbf/ft 2 = 0.0790 psi 
Then the useful pumping power requirement becomes 

1W 


32.2 lbm-ft/s 
Hbf 


2 ^ 


^pump.u = UAP = (0.00201 ft 3 /s)(l 1.37 lbf/ft 2 ) 


0.737 lbf - ft/s 


0.031 W 


Checking The flow was assumed to be laminar. To verify this assumption, we determine the Reynolds 
number: 

Re = pVqygD = (62.42 lbm/ft 3 )(0.4 ft/s)(0.08 ft) = ^ 

P 1.308xl0^ 3 lbm/ft-s 

which is less than 2300. Therefore, the flow is laminar. 

Discussion Note that the pressure drop across the water pipe and the required power input to maintain flow 
is negligible. This is due to the very low flow velocity. Such water flows are the exception in practice 
rather than the rule. 
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8-78 A compressor is connected to the outside through a circular duct. The power used by compressor to 
overcome the pressure drop, the rate of heat transfer, and the temperature rise of air are to be determined. 
Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal 
resistance of the duct is negligible. 4 Air is an ideal gas with constant properties. 

Properties We take the bulk mean temperature for air to be 15°C since the mean temperature of air at the 
inlet will rise somewhat as a result of heat gain through the duct whose surface is exposed to a higher 
temperature. The properties of air at this temperature and 1 atm pressure are (Table A- 15) 

p = 1.225 kg/m 3 , k = 0.02476 W/m.°C 

v = 1.470xl0' 5 m 2 /s, c p =1007 J/kg.°C, Pr = 0.7323 

The density and kinematic viscosity at 95 kPa are 
95 kPa 


Indoors 

20°C 


P = 


101.325 kPa 


= 0.938 atm 


p = (1.225 kg/m 3 X0.938) = 1. 149 kg/m 3 

v = (1.470xl0' 5 m 2 /s)/(0.938) = 1.378xl0" 5 m 2 /s 
Analysis The mean velocity of air is 



y =JL 

avg a.. 


0.27 m 3 /s 


= 8.594 m/s 


Then Re = 


V D, 

r avg h 


7r(0.2 m) /4 

(8.594 m/s)(0.2 m) 


v 


1.378xl0~ 5 m z /s 


= 1.247x10 


which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h «L, « 10D = 10(0.2 m) = 2 m 

which is shorter than the total length of the duct. Therefore, we assume fully developed flow in a smooth 
pipe, and determine friction factor from 

/ = (0.790 In Re- 1. 64) “ 2 = [o.7901n(1.247xl0 5 )-1.64f 2 =0.01718 
The pressure drop and the compressor power required to overcome this pressure drop are 
m = p0 = (1.149 kg/m 3 )(0.27 m 3 /s) = 0.3102 kg/s 

Af = / 42 gl. ( 0 . 0 i 718) (H-) (t- ^49 kg/m 3 )(8. 594 m/s) 2 . 4ft „ 9N/m , 


D 2 


(0.2 m) 


W 


mAP (0.3102 kg/s)(40.09 N/m 2 ) 


pump 


2 


= 10.8 W 


p 1.149 kg/m 3 

(b) For the fully developed turbulent flow, the Nusselt number is 

Nu= — = 0.023 Re 0 8 Pr 04 = 0.023(1.247 x 10 5 ) 0 ' 8 (0.7323)°' 4 = 242.3 


and 


h .—N„ . 0-0^76 W/m.°C =3aoo w/m 2.. c 


D 


h 


0.2 m 


Disregarding the thermal resistance of the duct, the rate of heat transfer to the air in the duct becomes 
A s = tiDL = 7t(0.2 m)( 1 1 m) = 6.912 m 2 

20-10 


Q = 


^ool -^oo 2 


1 


1 


1 


1 


518.4 W 


h x A s 


h 2 A s 


(30.00)(6.912) (10)(6.912) 

(c) The temperature rise of air in the duct is 

Q = me p AT -> 518.4 W = (0.3102 kg/s)(1007 J/kg.°C)AT -> AT = 1.7°C 
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8-79 Air enters the underwater section of a duct. The outlet temperature of the air and the fan power 
needed to overcome the flow resistance are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal 
resistance of the duct is negligible. 4 The surface of the duct is at the temperature of the water. 5 Air is an 
ideal gas with constant properties. 6 The pressure of air is 1 atm. 

Properties We assume the bulk mean temperature for air to be 20°C since the mean temperature of air at 
the inlet will drop somewhat as a result of heat loss through the duct whose surface is at a lower 
temperature. The properties of air at 1 atm and this temperature are (Table A- 15) 


p = 1.204 kg/m 3 
k = 0.025 14 W/m.°C 

v = 1.516xl0" 5 m 2 /s 
c p = 1007 J/kg.°C 
Pr = 0.7309 

Analysis The Reynolds number is 

Re _ _ (3 m/s)(0.2 m) 

v 1.516xl0“ 5 m 2 /s 



which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h *L t « 10Z) = 10(0.2 m) = 2 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 

hD 

Nu = = 0.023 Re 0 ' 8 Pr 03 = 0.023(3.958xl0 4 ) 0 ' 8 (0.7309) 03 =99.76 

k 


and 


h = 


D, 


Nu = 


0.02514 W/m.°C 
0.2 m 


(99.76) = 12.54 W/m 2 .°C 


Next we determine the exit temperature of air, 

A = ttDL = 7r( 0.2 m)(15 m) = 9.425 m 2 


m = pV awg A c = (1.204 kg/m 3 )(3 m/s) 


^ 7r (0.2 m) 2 ^ 


(1.204 kg/m 3 )(0. 09425 m 3 /s) = 0.1135 kg/s 


and 


T e = T s - (T s - 7, )e hAs /< '” Cp) = 15 - (15 - 25)e 


(12.54)(9.425) 

’(0.1135)(1007) _ jg 6 o C 


The friction factor, pressure drop, and the fan power required to overcome this pressure drop can be 
determined for the case of fully developed turbulent flow in smooth pipes to be 


/ = (0.790 In Re- 1 .64) " 2 = [o.790 ln(3.958 x 1 0 4 ) - 1 .64 
AP = f L^k = 0 . 02212 15m (1-204 kg/m 3 )(3 m/s) 


-2 


= 0.02212 


D 2 


0.2 m 


2 


IN 

f 1Pa l 

v lkg-m/s 2 , 

ilN/m 2 J 


= 8.988 Pa 


W fan = 


W. 


pump,u 


C/A P 


7 pump-motor 7 pump-motor 


(0.09425 m 3 /s)(8.988 Pa) 
0.55 


1 W 


A 


1 Pa -m 3 /s ) 


= 1.54 W 
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8-80 Air enters the underwater section of a duct. The outlet temperature of the air and the fan power 
needed to overcome the flow resistance are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal 
resistance of the duct is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 
atm. 

Properties We assume the bulk mean temperature for air to be 20°C since the mean temperature of air at 
the inlet will drop somewhat as a result of heat loss through the duct whose surface is at a lower 
temperature. The properties of air at 1 atm and this temperature are (Table A- 15) 

p = 1.204 kg/m 3 

k = 0.025 14 W/m.°C 

v = 1.516xl0" 5 m 2 /s 

C P = 1007 J/kg.°C Water 

Pr = 0.7309 25 ° c 

Analysis The Reynolds number is 2 m ^ s 

(3 m/s)(0.2 m) 


Mineral deposit 
0.15 mm 


Re = 


V D, 

r avg h 


= 3.958x10 




River water 
15°C 


D = 20 cm 


L = 15 m 


v 1.516xl0~ 5 m 2 /s 

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h « L t * 10D = 10(0.2 m) = 2 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number and h from 
hD 

Nu = - = 0.023 Re 0 ' 8 Pr 03 = 0.023(3.959xl0 4 )°' 8 (0.7309) 0 ' 3 =99.76 


and 


h = 


D, 


Nu = 


0.02514 W/m.°C 
0.2 m 


(99.76) = 12.54 W/m 2 .°C 


Next we determine the exit temperature of air, 
A s = nDL = tt(02 m)(15 m) = 9.425 nr 


m = pV avg A c = (1 .204 kg/m )(3 m/s) 


^ 7r(0 .2 m) 2 ^ 


(1.204 kg/m 3 )(0. 09425 m 3 /s) = 0.1135 kg/s 


The unit thermal resistance of the mineral deposit is 

L 
k 


R 


mineral 


00025 m -0.00083 m 2 »C/W 


3 W/m.°C 

which is much less than (about 1%) the unit convection resistance, 

1 1 


R 


conv 


= 0.0797 m 2 .°C/W 


h 12.54 W/m 2 .°C 

Therefore, the effect of 0.25 mm thick mineral deposit on heat transfer is negligible. 

Next we determine the exit temperature of air 

( 12 . 54 )( 9 . 425 ) 

T e =T S ~(T S =i5-(i5-25)e (0 ' 1135)(1007) =18.6°C 

The friction factor, pressure drop, and the fan power required to overcome this pressure drop can be 
determined for the case of fully developed turbulent flow in smooth pipes to be 

k2 


f = (0.790 In Re- 1 .64) ‘ 2 = [0.790 ln(3.958 x 10 4 ) - 1 .64 
AP = f L^k = 0m2 12 15m (L204 kg/m 3 )(3 m/s) 


= 0.02212 


D 2 


0.2 m 


2 


IN 

f 1Pa l 

^1 kg • m/s 2 , 

llN/m 2 J 


= 8.988 Pa 


W fan = 


W. 


pump,u 


C/A P 


1 1 pump -motor pump -motor 


(0.09425 m 3 /s)(8.988 Pa) 
0.55 


1W 


1 Pa -m 3 /s 


= 1.54 W 
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8-81E The exhaust gases of an automotive engine enter a steel exhaust pipe. The velocity of exhaust gases 
at the inlet and the temperature of exhaust gases at the exit are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the pipe are smooth. 3 The thermal 
resistance of the pipe is negligible. 4 Exhaust gases have the properties of air, which is an ideal gas with 
constant properties. 


Properties We take the bulk mean temperature for exhaust gases to be 700°C since the mean temperature 
of gases at the inlet will drop somewhat as a result of heat loss through the exhaust pipe whose surface is at 
a lower temperature. The properties of air at this temperature and 1 atm pressure are (Table A- 15) 


p = 0.0342 1 lb m/ ft 3 c p = 0.2535 Btu/lbm.°F 

k = 0.0280 Btu/h.ft.°F Pr = 0.694 

v = 6.225 xlO' 4 ft 2 /s 

Noting that 1 atm = 14.7 psia, the pressure in atm is 
P = (15.5 psia)/(14.7 psia) = 1.054 atm. Then, 

p = (0.03421 lbm/ft 3 )(l. 054) = 0.03606 lbm/ft 3 

v = (6.225 xlO' 4 ft 2 /s)/( 1 .054) = 5.906xl0" 4 ft 2 /s 


80°F 



Analysis (a) The velocity of exhaust gases at the inlet of the exhaust pipe is 

m 0.2 lbm/s 


\n pV avg A c 


= 


avg 


pA c (0.03606 lbm/ft 3 .5/12 ft) 2 / 4 



= 83.01 ft/s 


(b) The Reynolds number is 

rc VavgA, (83.01 ft/ S )(3.5/12 ft) 10 . aQ 
v 5.906xl0~ 4 ft 2 /s 

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h *L, « 10Z) = 10(3.5 / 12 ft) = 2.917 ft 

which are shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow 
in the entire duct, and determine the Nusselt number from 

Nu = ^ = 0.023 Re 0 8 Pr 03 = 0.023(40,990)°' 8 (0.6940) 0 - 3 = 101.0 
k 


and 


h t =h = 2— Nu = () - ()280BtU / hAOF (101.0) = 9.70 Btu/h.ft 2 .°F 


■h (3.5/12) ft 

A s = kDL = n(3.5 / 12 ft)(8 ft) = 7.33 ft 2 

In steady operation, heat transfer from exhaust gases to the duct must be equal to the heat transfer from the 
duct to the surroundings, which must be equal to the energy loss of the exhaust gases in the pipe. That is, 

Q ~ ^internal — ^external — ^^"exhaust gases 

Assuming the duct to be at an average temperature of T s , the quantities above can be expressed as 


Qi 


internal 


Q = h i A s AT ln = h i A i 


T -T 

e i 


■> Q = (9.70 Btu/h.ft 2 .°F)(7.33 ft z ) 


In 


r 't< r r i a 
* s — 2 e 

T -T 

V 1 s 1 1 J 


r -800°F 


In 


f r T 1 r T' "N 
s — * e 

Js- 800 


^external 1 

AE, 


Q - h 0 A s (T s -T G )-> <2 = (3 Btu/h.ft 2 .°F)(7.33 ft 2 )(T S -80)°F 


'exhaust gases • Q = ™ p (T e ~T j )^Q = (0.2 x 3600 lbm/h)(0.2535 Btu/lbm.°F)(800 - T e )°F 

This is a system of three equations with three unknowns whose solution is 
Q = 1 1,528 Btu/h, T e =736.8°F, and T s = 604.2°F 
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8-82 Hot water enters a cast iron pipe whose outer surface is exposed to cold air with a specified heat 
transfer coefficient. The rate of heat loss from the water and the exit temperature of the water are to be 
determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the pipe are smooth. 

Properties We assume the water temperature not to drop significantly since the pipe is not very long. We 
will check this assumption later. The properties of water at 90°C are (Table A-9) 

p = 965.3 kg/m 3 ; k = 0.675 W/m.°C 10°C 



Re = V ^ D » = (1.2m/s)(0.04m) = ^ ^ 
v 0.326 x 1(T 6 m 2 /s 


which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h * L t * 10D = 10(0.04 m) = 0.4 m 

which are much shorter than the total length of the pipe. Therefore, we can assume fully developed 
turbulent flow in the entire pipe. The friction factor corresponding to Re = 147,240 and s/D = (0.026 
cm)/(4 cm) = 0.0065 is determined from the Moody chart to be/= 0.032. Then the Nusselt number 
becomes 

Nu = = 0.125 f Re Pr 1/3 = 0.125x0.032x147, 240xl.96 1/3 =737.1 

k 


and 


h : - h- 


D 


k m = 0.675 W/m °C , , 2>440 w/m , ^ 


h 


0.04 m 


which is much greater than the convection heat transfer coefficient of 12 W/m .°C. Therefore, the 
convection thermal resistance inside the pipe is negligible, and thus the inner surface temperature of the 
pipe can be taken to be equal to the water temperature. Also, we expect the pipe to be nearly isothermal 
since it is made of thin metal (we check this later). Then the rate of heat loss from the pipe will be the sum 
of the convection and radiation from the outer surface at a temperature of 90°C, and is determined to be 

A 0 = 7rD 0 L = ^-(0.046 m)(15m) = 2.168m 2 

Q conv = h 0 A 0 (T s -T surr ) = (12 W/m 2 . o C)(2.168m 2 )(90-10)°C = 2081 W 


)[(■ 


Qmd =£Ao°( T s ~ T surr ) 

= (0.7)(2.168 m 2 )(5.67 x 10~ 8 W/m z .K‘*)|(90 + 273 K)** - (10 + 273 K) 

Qrora, = Qconv + Qrad =2081 + 942 = 3023 W 
(b) The temperature at which water leaves the basement is 

Q 3023 W 


= 942 W 


Q = mcJT i -T e ) 


■>r =T 

' 1 e x i 


= 90°C 


= 89.5°C 


me 


p (1 .456 kg/s)(4206 J/kg.°C) 

The result justifies our assumption that the temperature drop of water is negligible. Also, the thermal 
resistance of the pipe and temperature drop across it are 

In (ZVA) ln(4.6/4) 


R 


= 2.85xl0~ 5 °C/W 


pipe 


2n kL 4^(52 W/m.°C)( 15 m) 

p ,pe total ■ • pipe = (3023 W)(2.85xl0- 5 °C/W) = 0.09°C 
which justifies our assumption that the temperature drop across the pipe is negligible. 


A7T;.,„ — Q total R pipe 
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8-83 Hot water enters a copper pipe whose outer surface is exposed to cold air with a specified heat 
transfer coefficient. The rate of heat loss from the water and the exit temperature of the water are to be 
determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the pipe are smooth. 

Properties We assume the water temperature not to drop significantly since the pipe is not very long. We 
will check this assumption later. The properties of water at 90°C are (Table A- 15) 

p = 965.3 kg/m 3 ; k = 0.675 W/m.°C 10°C 


Pr = 1.96 

Analysis (a) The mass flow rate of water is 


m = pA c V avg = (965.3 kg/m ) 
The Reynolds number is 


3 ;r(0.04 m) 



Re = W = (l- 2 m/s)(0.04 m) = 
v 0.326xl0~ 6 m 2 /s 

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h * L t * 10D = 10(0.04 m) = 0.4 m 

which are much shorter than the total length of the pipe. Therefore, we can assume fully developed 
turbulent flow in the entire pipe. The friction factor corresponding to Re = 147,240 and s/D = (0.026 
cm)/(4 cm) = 0.0065 is determined from the Moody chart to be/= 0.032. Then the Nusselt number 
becomes 


hD /, i / "j 

Nu = — — = 0.125/ Re Pr 13 
k 


0. 125 x 0.032 x 147,240 x 1 .96 1/3 


737.1 


and 


h ; - h- 


D 


k m = 0.675 W/m °C , , 2>440 w/m , ^ 


h 


0.04 m 


which is much greater than the convection heat transfer coefficient of 12 W/m .°C. Therefore, the 
convection thermal resistance inside the pipe is negligible, and thus the inner surface temperature of the 
pipe can be taken to be equal to the water temperature. Also, we expect the pipe to be nearly isothermal 
since it is made of thin metal (we check this later). Then the rate of heat loss from the pipe will be the sum 
of the convection and radiation from the outer surface at a temperature of 90°C, and is determined to be 

A G = 7rD 0 L = ^-(0.046 m)(15m) = 2.168m 2 

Q conv = h 0 A 0 (T s -T surr ) = (12 W/m 2 .°C)(2.168m 2 )(90-10)°C = 2081 W 


)[(■ 


Qmd =£Ao°( T s ~ T surr ) 

= (0.7)(2.168 m 2 )(5.67 x 1CT 8 W/m z .K‘*)|(90 + 273 K)** - (10 + 273 K) 

Qrora, = Qconv + Qrad =2081 + 942 = 3023 W 
(b) The temperature at which water leaves the basement is 

Q 3023 W 


= 942 W 


Q = mcJT i -T e ) 


■>r =T 

' 1 e x i 


= 90°C 


= 89.5°C 


me 


p (1 .456 kg/s)(4206 J/kg.°C) 

The result justifies our assumption that the temperature drop of water is negligible. Also, the thermal 
resistance of the pipe and temperature drop across it are 
In (D 2 !D x ) ln(4.6 / 4) 


R 


pipe 


= 3.84xl0~ 6 °C/W 


A/dcL 2^(386 W/m.°C)(15m) 
pipe ~un al ~ P , P e = (3023 W)(3.84xl0- 6 °C/W) = 0.012°C 
which justifies our assumption that the temperature drop across the pipe is negligible. 


A 7T;.,„ Q-tolal R pipe 
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8-84 Integrated circuits are cooled by water flowing through a series of microscopic channels. The 
temperature rise of water across the microchannels and the average surface temperature of the 
microchannels are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the microchannels are smooth. 3 
Entrance effects are disregarded. 4 Any heat transfer from the side and cover surfaces are neglected. 

Properties We assume the bulk mean temperature of water to be the inlet temperature of 20°C since the 
mean temperature of water at the inlet will rise somewhat as a result of heat gain through the microscopic 
channels. The properties of water at 20°C are (Table A-9) 

p = 998 kg/m 3 
k = 0.598 W/m.°C 

v = pi p = 1.004 xlO" 6 m 2 /s 
c =4182 J/kg.°C; Pr = 7.01 

Micro-channel 
0.3 mm x 0.05 mm 

Analysis (a) The mass flow rate of water is 

m = p0 = (998 kg/m 3 )(0.01x 10~ 3 m 3 /s) = 0.00998 kg/s 



The temperature rise of water as it flows through the micro channels is 

Q 50 J/s 


Q = me AT > AT = 


me p (0.00998 kg/s)(4 1 82 J/kg°C) 


= 1.2°C 


(b) The Reynolds number is 
V > - 


0.01xl0~ 3 m 3 /s 


avg 


D h = 


A c (0.05xl0~ 3 m)(0.3xl0~ 3 m)xl00 
4 A c 4(0.05xl0~ 3 m)(0.3xl0~ 3 m) 


= 6.667 m/s 


= 8.571xl0~ 5 m 


P 2(0.05xl0~ 3 m + 0.3xl0~ 3 m) 


-3 


„ V ms D h (6.667 m/s)(8.57x 10~ 5 m) c/ . n , 

Re = = — = 569. 1 

v 1.004xl0' 6 m 2 /s 

which is less than 2300. Therefore, the flow is laminar, and the thermal entry length in this case is 

L, =0.05 Re Pr D h = 0.05(569.1)(7.01)(8.571xl0~ 5 m) = 0.0171m 

which is longer than the total length of the channels. Therefore, we can assume thermally developing flow, 
and determine the Nusselt number from (actually, the relation below is for circular tubes) 


0.065 


Nu = — = 3.66 + 


0.065(7) /L) Re Pr 
l + 0.04[(7)/L)RePr] 2/3 


= 3.66 + 


^8.571xl0~ 5 m N 
0.01m 


(569.1)(7.01) 


1 + 0.04 


/ 8.571xl0' 5 m N 
0.01m 


“|2/3 


= 5.224 


(569.1)(7.01) 


and 


h = 


D, 


Nu = 


0.598 W/m.°C 
8.571xl0 -5 m 


(5.224) = 36,445 W/m 2 .°C 


Then the average surface temperature of the base of the micro channels is determined to be 
A s = pL = 2(0.3 + 0.05)x 10~ 3 x 0.01 = 7xl0“ 6 m 2 


Q = hA, (T 


-T 1 

.s' v" s,avg m,avg / 


Q 


T =T 4 

s,avg x m,avg ^ 


20 + 21.2 


°C + 


(50/100) W 


(36,445 W/m 2 .°C)(7xlO“° m z ) 


= 22.6 °C 
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8-85 Integrated circuits are cooled by air flowing through a series of microscopic channels. The 
temperature rise of air across the microchannels and the average surface temperature of the microchannels 
are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the microchannels are smooth. 3 
Entrance effects are disregarded. 4 Any heat transfer from the side and cover surfaces are neglected. 5 Air 
is an ideal gas with constant properties. 6 The pressure of air is 1 atm. 

Properties We assume the bulk mean temperature for air to be 60°C since the mean temperature of air at 
the inlet will rise somewhat as a result of heat gain through the microscopic channels whose base areas are 
exposed to uniform heat flux. The properties of air at 1 atm and 60°C are (Table A- 15) 

p = 1.059 kg/m 3 
k = 0.02808 W/m.°C 

-5 


v = 1.896x10° m /s 
c p = 1007 J/kg.°C 
Pr = 0.7202 

Analysis (a) The mass flow rate of air is 



L= 1 cm 


Micro-channel 
0.3 mm x 0.05 mm 


m = pV = (1 .059 kg/m J )(0.5 x 1 0‘ 3 m7s) = 5.295x10“^ kg/s 
The temperature rise of air as it flows through the micro channels is 

Q 50 J/s 


Q - me AT — » AT = 


mc p (5.295xl0~ 4 kg/s)(1007 J/kg.°C) 


= 93.8°C 


(b) The Reynolds number is 

0 


v 

avg A, 


(0.5xl(T 3 /100)m 3 /s 


D h = 


Re = 


4A 

P 


(0.05xl(T 3 m)(0.3xlCT 3 m) 
4(0.05xl0~ 3 m)(0.3xl0~ 3 m) 
2(0.05xl(T 3 m + 0.3xl0~ 3 m) 


= 333.3 m/s 


= 8.571xl0" 5 m 


V D, 

r avg h 


V 


(333.3 m/s)(8.57xl(T 5 m) 


1.896xl0“ 5 m z /s 


= 1507 


which is smaller than 2300. Therefore, the flow is laminar and the thermal entry length in this case is 

L, = 0.05 Re Pr D h = 0.05(1507)(0.7202)(8.571xl0~ 5 m) = 0.004651 m 

which is 42% of the total length of the channels. Therefore, we can assume thermally developing flow, and 
determine the Nusselt number from (actually, the relation below is for circular tubes) 


Nu = — = 3.66 + 


0.065 (D/L) RePr 


0.065 


1 + 0.04[(D/L) Re Pr] 2 3 


= 3.66 + 


/ 8.571xlO“ 5 m X 

0.01m 


(1507)(0.7202) 


1 + 0.04 


/ 8.571xlO“ 5 m A 


-|2/3 


= 4.174 


0.01m 


(1507)(0.7202) 


and 


, k 0.02808 W/m.°C 2 

h = Nu = r (4.174) = 1367 W/m 2 .°C 


D 


h 


8.571xl0 -5 m 


Then the average surface temperature of the base of the micro channels becomes 


A s = pL = 2(0.3 + 0.05) xl0~ 3 x 0.01 = 7x10 

Q= hA s( T s,av g ~ T m,avg ) 


m 


Q 


T =T 4 

s,avg * m,avg ^ 


20 + 113.8 


°C + 


(50/ 100) W 


(1367 W/mA°C)(7xlO“ 6 m z ) 


= 119.2°C 
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8-86 Hot exhaust gases flow through a pipe. For a specified exit temperature, the pipe length is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surface of the pipe is smooth. 3 For hot 
gases, air properties are used. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 atm. 

Properties The properties of air at 1 atm and the bulk mean temperature of (450+250)/2 = 350°C are (Table 
A- 15) 

p = 0.5664 kg/m 3 
k = 0.04721 W/m.°C 

v = 5.475xl0' 5 m 2 /s 
c p = 1056 J/kg.°C 
Pr = 0.6937 

Analysis The Reynolds number is 

V D (4.5 m/s)(0.15 m) 


Re = 


avg 


= 12,330 



v 5.475xl0~ 5 m 2 /s 

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h « L t « 10Z) = 10(0.15 m) = 1.5 m 

which is probably much shorter than the total length of the duct. Therefore, we can assume fully developed 
turbulent flow in the entire duct, and determine the Nusselt number from 

Nu = — = 0.023 Re 08 Pr 03 =0.023(12,330) 08 (0.6937) 03 =38.62 
k 

Heat transfer coefficient is 


h _ * Nu 0.04721 W/m. °C 2 Q< 

D 0.15 m 


(38.62) = 12.16 W/m 2 .°C 


The logarithmic mean temperature difference is 

250-450 


ATln = 


In 


T -T 

e 1 

f rri rji ~\ 

s — e 

T -T 

V 1 S 1 1 J 


In 


180-250 

180-450 


= 148. 2°C 


The rate of heat loss from the exhaust gases can be expressed as 

Q = hA s AT ln = (12.16 W/m 2 .°C)[^(0.15 m)L](148.2°C) = 848.9L 
where L is the length of the pipe. The rate of heat loss can also be determined from 
m = pV avg A c = (0.5664 kg/m 3 )(4.5 m/s)[^(0. 15 m) 2 /4 = 0.04504 kg/s 

Q = me p AT = (0.04504 kg/s)(1056 J/kg.°C)(450 -250)°C = 9513 W 
Setting this equal to rate of heat transfer expression above, the pipe length is determined to be 
Q = 848.9 L = 95 13 W > L = 11.2 m 
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8-87 Water is heated in a heat exchanger by the condensing geothermal steam. The exit temperature of 
water and the rate of condensation of geothermal steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the tube are smooth. 3 The 
surface temperature of the pipe is 165°C, which is the temperature at which the geothermal steam is 
condensing. 

Properties The properties of water at the anticipated mean temperature of 85°C are (Table A-9) 

p = 968.1 kg/m 3 
k = 0.673 W/m.°C 
c p = 4201 J/kg.°C 
Pr = 2.08 

p 0.333 x 10" 3 kg/m.s 7 2/ 

v = — = = 3.44x10 ' m /s 

P 968.1 kg/m 3 
hf g @ i 65 °c = 2066.5 kJ/kg 

Analysis The velocity of water and the Reynolds number are 

(0.04 m) 2 



m = pA V. 


avg 


-» 0.8 kg/s = (968.1 kg/m )n 


V. 


avg 


>\7 =0.6576 m/s 


avg 


Rc V ^ D . (0-6576 m/ S )(0.04m) ?6 ^ 


V 


3.44xl0~ 7 m 2 /s 


which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h * L t * 10D = 10(0.04 m) = 0.4 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 

Nu = — = 0.023 Re 08 Pr 0 ' 4 = 0.023(76,465) 08 (2.08) 04 = 248.7 


Heat transfer coefficient is 


h- — Nu = 
D 


0.673 W/m.°C 


(248.7) = 4184 W/m 2 .°C 


0.04 m 

Next we determine the exit temperature of air, 

A s = 7rDL = /r(0.04 m)(14 m) - 1.759 m 

T e = T s - (T s - Tf )e~ hA ‘ l(>i,Cp) = 165 -(165- 20)e < 0 - 6576 X 4201 ) = 154.9°C 

The logarithmic mean temperature difference is 

154.9-20 


( 4184 )( 1 . 759 ) 


Ar in = 


In 


T -T 

± e J i 

f rr\ rji \ 

1 s * e 


T -T 

V 1 S 1 1 J 


In 


^ 1 65 — 1 54.9 x 


= 50.63°C 


165-20 

The rate of heat transfer can be expressed as 

Q = hA s AT ln = (4185 W/m 2 ,°C)(1.759 m 2 )(50.63°C) = 372,700 W 
The rate of condensation of steam is determined from 

Q = mh fg > 372.700 kW = m(2066.5 kJ/kg) > m = 0.180 kg/s 
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8-88 Cold-air flows through an isothermal pipe. The pipe temperature is to be estimated. 

Assumptions 1 Steady operating conditions exist. 2 The inner surface of the duct is smooth. 3 Air is an 
ideal gas with constant properties. 4 The pressure of air is 1 atm. 

Properties The properties of air at 1 atm and the bulk mean temperature of (5+19)/2=12°C are (Table A- 
15) 



19°C 


Q = mc p AT = (0.0350 kg/s)(1007 J/kg.°C)(19-5)°C = 493.1 W 
Reynolds number is 

(2.5 m/s)(0.12m) 


Re = 


Lvg D 
V 


1.444xl(T 5 m 2 /s 


= 20,775 


which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
L h ss L t « 10Z) = 10(0.12 m) = 1.2 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 


Nu = 


hD 


= 0.023 Re 0 8 Pr 0 ' 4 = 0.023(20, 775) os (0.7331)°' 4 =57.79 


Heat transfer coefficient is 


h- — Nu = 
D 


0.02454 W/m.°C 


(57.79) = 1 1.82 W/m 2 .°C 


0.12 m 

The logarithmic mean temperature difference is determined from 

Q = hA s A T la > 493 . 1 W = (1 1 . 82 W/m 2 .°C)[/r(0. 1 2 m)(20 m )]a T ln >Ar ln =5.533°C 

Then the pipe temperature is determined from the definition of the logarithmic mean temperature difference 

19-5 


Ar i n = 


In 


T -T 

e i 

f r T 7 r T' 'N 

1 s * e 

T -T 

V 1 S 1 1 J 


■>5.533°C = 


In 


r T s - 19 n 
T -5 

V 1 s J 


->T P = 3.8°C 
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8-89 Oil is heated by saturated steam in a double-pipe heat exchanger. The tube length is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surfaces of the tube are smooth. 

Properties The properties of oil at the average 
temperature of (15+25)/2=20°C are (Table A- 13) 

p = 888.1 kg/m 3 
k = 0.145 W/m.°C 
c p =1881 J/kg.°C 

Analysis The mass flow rate and the rate of 
heat transfer are 



m = pA c V, dyg =(888.1 kg/m 3 )n 


(0.03 m) 


(0.8 m/s) = 0.5022 kg/s 


Q = me (T e -7)) = (0.5022 kg/s)(l 88 1 J/kg.°C)(25-15)°C = 9446 W 


The Nusselt number is determined from Table 8-4 at DJD 0 =3/5=0. 6 to be Nu, = 5.564. Then the heat 
transfer coefficient, the hydraulic diameter of annulus, and the logarithmic mean temperature difference are 


h : = 


D, 


Nil; = 


0.145 W/m.°C 
0.02 m 


(5.564) = 40.34 W/m 2 .°C 


D h = D a - D { = 0.05 m - 0.03 m = 0.02 m 


AT ln = 


T; -T, 


15-25 


f rri rji \ 

* s — e 


In 


T -T 

\ 1 S 1 l J 


In 


100-25 


= 79.90°C 


1 00 — 1 5 

The heat transfer surface area is determined from 

Q 


Q = MAT, 


In 


■>A„ = 


9446 W 


hAT ln (40.34 W/m 2 .°C)(79.90°C) 


= 2.931 m 


Then the tube length becomes 


A s = kDL 


T 

->L = 


2.931m 


7rD i ^-(0.03 m) 


= 31.1m 
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8-90 A liquid hydrocarbon is heated as it flows in a tube that is maintained at a specified temperature. The 
flow rate and the exit temperature of the liquid are given. The exit temperature is to be determined for a 
different flow rate. 


Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The 
inner surfaces of the tube are smooth. 4 Heat transfer to the surroundings is negligible. 


Properties The properties of the liquid are given to 
c p = 2.0 kJ/kg-K, p = 10 mPa-s = 0.01 kg/m-s, and 
p = 900 kg/m 3 . 

Analysis We first determine the heat transfer 
coefficient from an energy balance: 


me p (T e -T t ) = hA s (T s - T h avg ) 


(1200 / 3600)(2000)(30 - 20) = h(n x 0.025 x 5) 


60 


T s = 60°C 


20 + 30 
2 



h = 485 W/m 2 • °C 


The Reynolds number for the first case is 

pD pD m Am 4(1200/3600 kg/s) 

Re, = V = = = = 1698 

p p pnD 2 / 4 nDp ;r(0.025 m)(0.01 kg/m-s) 

which is smaller than 2300 and therefore the flow is laminar. The Reynolds number in the second case is 

Am 4(400/3600 kg/s) 

Re 7 = = = 566 

nDp ^(0.025 m)(0. 01 kg/m-s) 


Using the relationship between the Nusselt and Reynolds numbers for the laminar flow, 


Nuo Re 


1/3 


h - 


• 1/3 
m 2 


Nu 


Re; 


1/3 


/li 


m y 


1/3 


->h 2 = 


400 

1200 


\ 1/3 


(485) = 336.3 W/m 2 -C 


Using this new heat transfer coefficient value, the exit temperature for the second case is determined to be 


mc p {T e - T t ) 
(400 / 3600)(2000)(7’ £! -20) 

T 

M e 


hA s( T s -V g) 


(336.3)(^x0.025x5) 

38.3°C 


60 


20 + T e 
2 




J 
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8-91 Crude oil is heated as it flows in the tube-side of a multi-tube heat exchanger. The rate of heat transfer 
and the tube length are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The 
inner surfaces of the tubes are smooth. 4 Heat transfer to the surroundings is negligible. 

3 

Properties The properties of crude oil are given to be p = 950 kg/m , c p = 1.9 kJ/kg-K, k = 0.25 W/m-K, p 
= 12 mPa-s. 

Analysis The rate of heat transfer is 

Q = me p (T e - Tj ) = (100 kg/s)(1900 J/kg.°C)(40 - 20)°C = 3.8 x 1 0 6 W 


The water velocity is 


V = 


m 


(100/ 100) kg/s 


pA c (950 kg/m 3 )[;r(0.01m) 2 /4 

The Prandtl and Reynolds number are 


= 13.4 m/s 


Pr = 


pc p _ (0.0 12 kg/m- s)( 1900 J/kg-K) 
k ~ 0.25 W/m-K 


= 91.2 


Rc _ PVD _ (950kg/m j )(13.4m/s)(0.01m) _ 1Q 61Q 


A 


0.012kg/m-s 


100 tubes 



which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the 
entire tube, the Nusselt number is determined from 

Nu = — = 0.023 Re 08 Pr 0 ' 4 = 0.023(1 0,610) 08 (91.2) 04 =232.4 
k 


Heat transfer coefficient is 


h- — Nu = 
D 


0.25 W/m.°C 
0.01m 


(232.4) = 581 1 W/m 2 .°C 


Using the average fluid temperature and considering that there are 100 tubes, the length of the tubes is 
determined as follows: 


Q = hA(T s - r* #avg ) > 3.8x10 6 W = (5811 W/m 2 • °C)A 


100 


20 + 30 


°C 


+ A„ = 8.719 m 


A = ttDL >8.719 m 2 = 100^(0.01 m)L >L = 2.78 m 
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8-92 Crude oil is cooled as it flows in a pipe. The rate of heat transfer and the pipe length are to be 
determined. 

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The 
inner surfaces of the tubes are smooth. 4 Heat transfer to the surroundings is negligible. 

Properties The properties of crude oil are given in the table. 

Analysis The mass flow rate of air is 

m = pAV 

= (890kg/m 3 )[;r(0.20m) 2 /4|o.2m/s) 



= 5.59 kg/s 

Finding the specific heat of oil at 21°C by interpolation, the rate of heat transfer is determined to be 

Q = me p (T e -Ti) = (5.59 kg/s)(l 895 J/kg.°C)(22 - 20)°C = 21 ,242 W 

The Prandtl and Reynolds number are 

pr pc p (0.022 kg/m • s)( 1 895 J/kg • K) 2g? g 
k 0.145 W/m-K 

Rc _ pVD _ (890 kg/m 3 )(0.2 m/s)(0.2 m) _ l6lg 




0.022 kg/m-s 


which is smaller than 2300. Therefore, we have laminar flow. Assuming fully developed flow in the entire 
tube, the Nusselt number is determined from 


Nu = — = 3.66 


0.065 (D/L) Re Pr 


= 3.66 


k 1 + 0.04[(D/ L) Re Pr] 2/3 

The heat transfer coefficient is expressed as 

0.065(0.2/ L)(1618)(287.5) 


0.065(0.2 /L)(1618)(287.5) 

27 ? 


l + 0.04[(0.2/L)(1618)(287.5)] 


, k XT f 0.145 
h = — Nu= 

D 0.2 


3.66 + 


l + 0.04[(0.2/L)(1618)(287.5)] 


2/3 


= 0.725 


3.66 + 


6047.3 1 L 


1 + 82.1 U 2n 


From Newton’s law of cooling 
Q = hA(T s ~T havg ) 

21,200 = M0.2)L| 


^22 + 20 A 


2 


2 


hL = 1776 

Setting both h equations to each other 

6214.7 1 L 


hL = 0.725 L 


3.66 


— 2/3 


= 1776 


1 + 82.1L’ 

By trial error or using an equation solver such as EES, we obtain 

L = 192 m 
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8-93 A heat exchanger is used for heating a liquid stream. The liquid outlet temperature, the rate of heat 
transfer, and the changes in these results if entire liquid stream is forced through a single tube are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 5 There is no fouling. 

Properties The properties are given in problem statement. ^ 

Analysis (a) The Reynolds and Prandtl numbers are 20°C 

determined as follows: \ o kg/s 

m (1/12) kg/s 


r, 


out 


v = 


pj£> 2 / 4 (950 kg/m 3 M0.01m) 2 /4 


= 1.12 m/s 


Re = VDp = ( 1 • 12 m/s)(0.0 1 m)(950 kg/m 3 ) = 


Pr = 


ju 0.006 kg/m -s 

pc p (0.006 kg/m - s)( 1500 J/kg • °C) 


= 18 


k 0.5 W/m- °C 

The flow is laminar since Re <2300. The Nusselt number and the heat transfer coefficient are 
hD _ 0.065(D / L) Re Pr 0 „ 0.065(0.0 1/2)(1768)(1 8) 


Nu = 


= 3.66 


h- — Nu = 
D 


1 + 0.04 [(D/L) Re Pr] 
0.5 W/m.°C 


2/3 


= 3.66 


1 + 0.04[(0.01 / 2)(1768)(18)] 


2/3 


= 8.42 


(8.42) = 421 W/m z .°C 


0.01m 

The liquid outlet temperature is determined from an energy balance 
” lC p (Tout - T in ) = hA s i T s - °- 5 (+, + Tout )) 

(l)(1500)(r o „, - 20) = (42 1) [l 2^-(0.0 1)(2)](60 -0.5(20 + T out )) 

Tout = 27.7°C 

Then the rate of heat transfer becomes 

Q = me p (T out -T m ) = (1.0 kg/s)(1500 J/kg • °C)(27.7 - 20)°C = 1 1 ,550 W 

(b) The velocity, Reynolds and Prandtl numbers in this case would be 
V= 12(1.12) = 13.4 m/s 
Re = 12(1768) = 21,216 
Pr = 18 

We have turbulent flow since Re > 10,000. The Nusselt number and the heat transfer coefficient are 
Nu = 0.023 Re 0 ' 8 Pr 04 = 0.023(2 1,2 16) 08 (18) 04 =211.4 

h = — Nu = 0,5 W/m ° C (21 1 .4) = 10,572 W/m 2 ,°C 
D 0.01m 

The liquid outlet temperature is 

>nc p (T out - T ln ) = hA s (T s - 0.5(T ln +T 0Ut j) 

(l)(1500)(r oMf - 20) = (10,572)[^(0.01)(2)](60 - 0.5(20 + T ollt )) 

Tout = 34.5°C 

Then the rate of heat transfer becomes 

Q = me p (T out - T in ) = (1 .0 kg/s)(l 500 J/kg • °C)(34.5 - 20)°C = 21 ,750 W 

The rate of heat transfer increases by about 90% in this flow arrangement. 
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Fundamentals of Engineering (FE) Exam Problems 


8-94 Internal force flows are said to be fully-developed once the at a cross-section no longer changes 

in the direction of flow. 

(a) temperature distribution (b) entropy distribution (c) velocity distribution 

(d) pressure distribution (e) none of the above 

Answer (c) velocity distribution 


8-95 The bulk or mixed temperature of a fluid flowing through a pipe or duct is defined as 

(a) T b =±-\ TdA (b) 

A c J A 

(d) T b =-j- f hdA c (e) 

A c JA C 


Answer: (b) T b - f TpVdA c 

m Ja c 


T b=—\ TpVdA c (C) T h =- f hpVdA c 

m JA C m JA C 

T h =^r f TpVdA c 

U JA 


8-96 Water {p = 9.0xl0' 4 kg/m-s, p = 1000 kg/m 3 ) enters a 2-cm-diameter, 3-m-long tube whose walls are 
maintained at 100°C. The water enters this tube with a bulk temperature of 25°C and a volume flow rate of 
3 m 3 /h. The Reynolds number for this internal flow is 

(a) 59,000 (b) 105,000 (c) 178,000 (d) 236,000 (e) 342,000 


Answer (a) 59,000 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

rho=1000 [kg/m A 3] 
mu=0.0009 [kg/m-s] 

Vdot=3/3600 [m A 3/hr] 

D=0.02 [m] 

Re=4*Vdot*rho/(pi*D*mu) 
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8-97 Water enters a 2-cm-diameter, 3-m-long tube whose walls are maintained at 100°C with a bulk 
temperature of 25°C and volume flow rate of 3 m 3 /h. Neglecting the entrance effects and assuming 
turbulent flow, the Nusselt number can be determined from Nu = 0.023 Re 0 8 Pr° 4 . The convection heat 
transfer coefficient in this case is 

(a) 4140 W/m 2 K (b) 6160 W/m 2 -K (c) 8180 W/m 2 -K (d) 9410 W/m 2 -K (e) 2870 W/m 2 -K 

(For water, use k = 0.610 W/m°C, Pr = 6.0, ju= 9.0x1 O' 4 kg/m-s, p= 1000 kg/m 3 ) 


Answer (d) 9410 W/m 2 -K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

rho=1000 [kg/m A 3] 
mu=0.0009 [kg/m-s] 

Vdot=3/3600 [m A 3/hr] 

D=0.02 [m] 

Pr=6 

k=0.61 [W/m-K] 

Re=4*rho*Vdot/(pi*D*mu) 

Nus=0.023*Re A 0.8*Pr A 0.4 

h=k*Nus/D 


8-98 Water enters a circular tube whose walls are maintained at constant temperature at a specified flow 
rate and temperature. For fully developed turbulent flow, the Nusselt number can be determined from Nu = 
0.023 Re 0 8 Pr 0 4 . The correct temperature difference to use in Newton’s law of cooling in this case is 

(a) the difference between the inlet and outlet water bulk temperature 

(b) the difference between the inlet water bulk temperature and the tube wall temperature 

(c) the log mean temperature difference 

(d) the difference between the average water bulk temperature and the tube temperature 

(e) None of the above. 

Answer (c) the log mean temperature difference 
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8-99 Water (c p = 4180 J/kg-K) enters a 4-cm-diameter tube at 15°C at a rate of 0.06 kg/s. The tube is 
subjected to a uniform heat flux of 2500 W/irf on the surfaces. The length of the tube required in order to 
heat the water to 45°C is 

(a) 6 m (b) 12 m (c) 18 m (d) 24 m (e) 30 m 


Answer (d) 24 m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_i=1 5 [C] 

T_e=45 [C] 

D=0.04 [m] 
m_dot=0.06 [kg/s] 
q=2500 [W/m A 2] 
c_p=41 80 [J/kg-C] 

Q_dot=m_dot*c_p*(T_e-T_i) 

A_s=Q_dot/q 

L=A_s/(pi*D) 


8-100 Air (c p = 1000 J/kg-K) enters a 20-cm-diameter and 19-m-long underwater duct at 50°C and 1 atm at 
an average velocity of 7 m/s, and is cooled by the water outside. If the average heat transfer coefficient is 
35 W/nT-°C and the tube temperature is nearly equal to the water temperature of 5°C, the exit temperature 
of air is 

(a) 8°C (b) 13°C (c) 18°C (d) 28°C (e) 37°C 

Answer (b) 13°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

R=0.287 [kPa-m A 3/kg-K] 
cp=1000 [J/kg-K] 

D=0.2 [m] 

L=1 9 [m] 

T1=50 [C] 

PI =101 .3 [kPa] 

Vel=7 [m/s] 
h=35 [W/m A 2-C] 

Ts=5 [C] 

rhol =P1/(R*(T 1 +273)) 

As=pi*D*L 

m_dot=rho1 *Vel*pi*D A 2/4 
T2=Ts-(Ts-T1)*exp(-h*As/(m_dot*cp)) 

"Some Wrong Solutions with Common Mistakes:" 

m_dot*cp*(T1 -W1_T2)=h*As*((T1+W1_T2)/2-Ts) "Disregarding exponential variation of 
temperature" 
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8-101 Water (c p = 4180 J/kg-K) enters a 12-cm-diameter and 8.5-m-long tube at 75°C at a rate of 0.35 
kg/s, and is cooled by a refrigerant evaporating outside at -10°C. If the average heat transfer 
coefficient on the inner surface is 500 W/m -°C, the exit temperature of water is 
(a) 18.4°C (b)25.0°C (c) 33.8°C (d) 46.5°C (e) 60.2°C 


Answer (a) 18.4°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=0.1 2 [m] 

L=8.5 [m] 

T_i=75 [C] 

T_s=-10 [C] 
m_dot=0.35 [kg/s] 
h=500 [W/m A 2-C] 
c_p=41 80 [J/kg-C] 

A_s=pi*D*L 

T_e=T_s-(T_s-T_i)*exp((-h*A_s)/(m_dot*c_p)) 


3 

8-102 Air enters a duct at 20°C at a rate of 0.08 m /s, and is heated to 150°C by steam condensing outside 
at 200°C. The error involved in the rate of heat transfer to the air due to using arithmetic mean temperature 
difference instead of logarithmic mean temperature difference is 

(a) 0% (b) 5.4% (c) 8.1% (d) 10.6% (e) 13.3% 


Answer (e) 13.3% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_i=20 [C] 

T_e=1 50 [C] 

T_s=200 [C] 

V_dot=0.08 [m A 3/s] 

DELTAT_am=T_s-(T_i+T_e)/2 

DELTAT_ln=(T_i-T_e)/ln((T_s-T_e)/(T_s-TJ)) 

Error=(DELTAT_am-DELTAT_ln)/DELTATJn*Convert(,%) 
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8-103 Engine oil at 60°C (ju = 0.07399 kg/m-s, p = 864 kg/m 3 ) flows in a 5-cm-diameter tube with a 
velocity of 1.3 m/s. The pressure drop along a fully developed 6-m long section of the tube is 

(a) 2.9 kPa (b) 5.2 kPa (c) 7.4 kPa (d) 10.5 kPa (e) 20.0 kPa 


Answer (c) 7.4 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_oil=60 [C] 

D=0.05 [m] 

L=6 [m] 

V=1 .3 [m/s] 

"The properties of engine oil at 60 C are (Table A-13)" 
rho=864 [kg/m A 3] 
mu=0. 07399 [kg/m-s] 

Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar" 
f=64/Re 

DELTAP=f*L/D*(rho*V A 2)/2 


8-104 Engine oil flows in a 1 5-cm-diameter horizontal tube with a velocity of 1.3 m/s, experiencing a 
pressure drop of 12 kPa. The pumping power requirement to overcome this pressure drop is 

(a) 190 W (b) 276 W (c) 407 W (d) 655 W (e) 900 W 


Answer (b) 276 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=0.15 [m] 

V=1 .3 [m/s] 

DELTAP=12 [kPa] 

A_c=pi*D A 2/4 

V_dot=V*A_c 

W_dot_pump=V_dot*DELTAP 
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8-105 Water enters a 5-mm-diameter and 13-m-long tube at 15°C with a velocity of 0.3 m/s, and leaves at 
45°C. The tube is subjected to a uniform heat flux of 2000 W/m on its surface. The temperature of the tube 
surface at the exit is 


(a) 48.7°C (b)49.4°C (c)51.1°C (d) 53.7°C (e) 55.2°C 

(For water, use k = 0.615 W/m°C, Pr = 5.42, v =0.801xl(T 6 m 2 /s) 


Answer (a) 48.7°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T i=1 5 [C] 

T_e=45 [C] 

D=0.005 [m] 

L=1 3 [m] 

V=0.3 [m/s] 
q_s=2000 [W/m A 2] 

"The properties of water at (15+45)/2= 30 C are (Table A-9)" 
rho=996 [kg/m A 3] 
k=0.61 5 [W/m-C] 
mu=0.798E-3 [kg/m-s] 

Pr=5.42 


Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar." 
L_t=0.05*Re*Pr*D "Entry length is much shorter than the total length, and therefore we use fully 
developed relations" 

Nus=4.36 "laminar flow, q_s = constant" 

h=k/D*Nus 

T_s=T_e+q_s/h 


"Some Wrong Solutions with Common Mistakes" 
W1_Nus=3.66 "Laminar flow, T_s = constant" 
W1_h=k/D*W1_Nus 
W1 _T_s=T_e+q_s/W 1 _h 
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8-106 Water enters a 5-mm-diameter and 13-m-long tube at 45°C with a velocity of 0.3 m/s. The tube is 
maintained at a constant temperature of 5°C. The exit temperature of water is 

(a) 7.5°C (b)7.0°C (c) 6.5°C (d) 6.0°C (e) 5.5°C 

(For water, use k = 0.607 W/m-°C, Pr = 6.14, v =0.894xl(T 6 m 2 /s, c p = 4180 J/kg-°C, p= 997 kg/m 3 .) 


Answer (d) 6.0°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_i=45 [C] 

T_s=5 [C] 

D=0.005 [m] 

L=1 3 [m] 

V=0.3 [m/s] 

"The properties of water at 25 C are (Table A-9)" 

rho=997 [kg/m A 3] 

c„p=4180 [J/kg-C] 

k=0.607 [W/m-C] 

mu=0.891 E-3 [kg/m-s] 

Pr=6.14 


Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar." 
L_t=0.05*Re*Pr*D "Entry length is much shorter than the total length, and therefore we use fully 
developed relations" 

Nus=3.66 "laminar flow, T_s = constant" 

h=k/D*Nus 

A_s=pi*D*L 

A_c=pi*D A 2/4 

m_dot=rho*A_c*V 

T_e=T_s-(T_s-TJ)*exp((-h*A_s)/(m_dot*c_p)) 

"Some Wrong Solutions with Common Mistakes" 

W1_Nus=4.36 "Laminar flow, q_s = constant" 

W1_h=k/D*W1_Nus 

W1_T_e=T_s-(T_s-T_i)*exp((-W1_h*A_s)/(m_dot*c_p)) 
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8-107 Water enters a 5-mm-diameter and 13-m-long tube at 45°C with a velocity of 0.3 m/s. The tube is 
maintained at a constant temperature of 5°C. The required length of the tube in order for the water to exit 
the tube at 25°C is 

(a) 1.55 m (b) 1.72 m (c) 1.99 m (d) 2.37 m (e) 2.96 m 

(For water, use k = 0.623 W/m-°C, Pr = 4.83, v =0.724xl0' 6 m 2 /s, c ; , = 4178 J/kg-°C, p = 994 kg/m 3 .) 


Answer (b) 1.72 m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_i=45 [C] 

T_e=25 [C] 

T_s=5 [C] 

D=0.005 [m] 

V=0.3 [m/s] 

"The properties of water at (45+25)/2 = 35 C are (Table A-9)" 

rho=994 [kg/m A 3] 

c_p=41 78 [J/kg-C] 

k=0.623 [W/m-C] 

mu=0.720E-3 [kg/m-s] 

Pr=4.83 


Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar." 
L_t=0.05*Re*Pr*D "We assume that the entire flow remains in the entry region. We will check this 
after calculating total length of the tube" 

Nus=3.66+(0.065*(D/L)*Re*Pr)/(1+0.04*((D/L)*Re*Pr) A (2/3)) "laminar flow, entry region, T_s = 

constant" 

h=k/D*Nus 

A_c=pi*D A 2/4 

m_dot=rho*A_c*V 

T_e=T_s-(T_s-TJ)*exp((-h*A_s)/(m_dot*c_p)) 

A_s=pi*D*L "The total length calculated is shorter than the entry length, and therefore, the earlier 
entry region assumption is validated." 

"Some Wrong Solutions with Common Mistakes" 

W1_Nus=3.66 "Laminar flow, T_s = constant, fully developed flow" 

W1_h=k/D*W1_Nus 

T_e=T_s-(T_s-TJ)*exp((-W1_h*W1_A_s)/(m_dot*c_p)) 

W1_A_s=pi*D*W1_L 

W2_Nus=4.36 "Laminar flow, q_s = constant, fully developed flow" 

W2_h=k/D*W2_Nus 

T_e=T_s-(T_s-T_i)*exp((-W2_h*W2_A_s)/(m_dot*c_p)) 

W2_A_s=pi*D*W2_L 
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8-108 Air at 10°C enters an 18-m-long rectangular duct of cross section 0.15 m x 0.20 m at a velocity of 
4.5 m/s. The duct is subjected to uniform radiation heating throughout the surface at a rate of 400 W/m . 
The wall temperature at the exit of the duct is 

(a) 58.8°C (b) 61.9°C (c) 64.6°C (d)69.1°C (e) 75.5°C 

(For air, use k = 0.02551 W/m-°C, Pr = 0.7296, v = 1.562xl0' 5 m 2 /s, c p = 1007 J/kg-°C, p= 1.184 kg/m 3 .) 


Answer (c) 64.6°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T i=1 0 [C] 

L=1 8 [m] 
a=0.1 5 [m] 
b=0.20 [m] 

V=4.5 [m/s] 
q_s=400 [W/m A 2] 

"The properties of air at 25 C are (Table A-15)" 

rho=1.184 [kg/m A 3] 

c__p=1 007 [J/kg-C] 

k=0. 02551 [W/m-C] 

nu=1 .562E-5 [m A 2/s] 

Pr=0.7296 

p=2*a+2*b 

A_c=a*b 

D_h=4*A_c/p 

Re=(V*D_h)/nu "The calculated Re value is greater than 10,000. Therefore the flow is turbulent." 
L_t=10*D_h "Entry length is much shorter than the total length, and therefore we use fully 
developed relations" 

Nus=0!023*Re A 0.8*Pr A 0.4 

h=k/D_h*Nus 

T_s=T_e+q_s/h 


"Calculations for air temperature at the duct exit" 

m_dot=rho*V*A_c 

Q_dot=m_dot*c_p*(T_e-T_i) 

A_s=p*L 

Q_dot=q_s*A_s 
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8-109 Air at 1 10°C enters an 18-cm-diameter, 9-m-long duct at a velocity of 3 m/s. The duct is observed to 
be nearly isothermal at 85°C. The rate of heat loss from the air in the duct is 

(a) 375 W (b) 5 1 0 W (c) 936 W (d) 965 W (e) 987 W 

(For air, use k = 0.03095 W/m-°C, Pr = 0.711 1, v = 2.306xl0' 5 m 2 /s, c p = 1009 J/kg-°C.) 


Answer (e) 987 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T i=1 10 [C] 

D=0.1 8 [m] 

L=9 [m] 

V=3 [m/s] 

T_s=85 [C] 

"The properties of air at 1 00 C are (Table A-1 5)" 

rho=0.9458 [kg/m A 3] 

c_p=1 009 [J/kg-C] 

k=0. 03095 [W/m-C] 

nu=2.306E-5 [m A 2/s] 

Pr=0.71 1 1 

Re=(V*D)/nu "The calculated Re value is greater than 10,000. Therefore the flow is turbulent." 
L_t=10*D "Entry length is much shorter than the total length, and therefore we use fully 
developed relations" 

Nus=0 023*Re A 0.8*Pr A 0.3 

h=k/D*Nus 

A_s=pi*D*L 

A_c=pi*D A 2/4 

m_dot=rho*V*A_c 

T_e=T_s-(T_s-TJ)*exp((-h*A_s)/(m_dot*c_p)) 

Q_dot=m_dot*c_p*(T_i-T_e) 

"Some Wrong Solutions with Common Mistakes" 

W1_Nus=0.023*Re A 0.8*Pr A 0.4 "Relation for heating case" 

W1_h=k/D*W1_Nus 

W1_T_e=T_s-(T_s-T_i)*exp((-W1_h*A_s)/(m_dot*c_p)) 

W1 _Q_dot=m_dot*c_p*(T_i-W1_T_e) 
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8-110 Air enters a 7-cm-diameter, 4-m-long tube at 65°C and leaves at 15°C. The duct is observed to be 
nearly isothermal at 5°C. If the average convection heat transfer coefficient is 20 W/m -°C, the rate of heat 
transfer from the air is 

(a) 491 W (b) 616 W (c)810W (d) 907 W (e) 975 W 


Answer (a) 491 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T i=65 [C] 

T_e=1 5 [C] 

T_s=5 [C] 

D=0.07 [m] 

L=4 [m] 

h=20 [W/m A 2-C] 

DELTAT_ln=(T_i-T_e)/ln((T_s-T_e)/(T_s-TJ)) 

A_s=pi*D*L 

Q_dot=h*A_s*DELTATJn 

"Some Wrong Solutions with Common Mistakes" 

DELTAT_am=T_s-(T_i+T_e)/2 "Using arithmetic mean temperature difference" 

W1 Q dot=h*A s*DELTAT am 


8-111 Air ( c p = 1007 J/kg-°C) enters a 1 7-cm-diameter and 4-m-long tube at 65°C at a rate of 0.08 kg/s and 
leaves at 15°C. The tube is observed to be nearly isothermal at 5°C. The average convection heat transfer 
coefficient is 

(a) 24.5 W/m 2 o C (b) 46.2 W/m 2o C (c) 53.9 W/m 2 -°C (d) 67.6 W/m 2 o C (e) 90.7 W/m 2o C 


Answer (d) 67.6 W/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T i=65 [C] 

T_e=1 5 [C] 

T_s=5 [C] 
m_dot=0.08 [kg/s] 

D=0.17 [m] 

L=4 [m] 

c_p=1 007 [J/kg-C] "Table A-15" 

Q_dot=m_dot*c_p*(T_e-T_i) 

A_s=pi*D*L 

DELTAT_ln=(T_i-T_e)/ln((T_s-T_e)/(T_s-TJ)) 

h=Q_dot/(A_s*DELTATJn) 

"Some Wrong Solutions with Common Mistakes" 

DELTAT_am=T_s-(T_i+T_e)/2 "Using arithmetic mean temperature difference" 
W1_h=Q_dot/(A_s*DELTAT_am) 
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8-112 Air at 40°C (ju= 1.918xl0" 5 kg/m-s, p= 1.127 kg/m 3 ) flows in a 25-cm-diameter and 26-m-long 
horizontal tube at a velocity of 5 m/s. If the roughness of the inner surface of the pipe is 0.2 mm, the 
required pumping power to overcome the pressure drop is 

(a) 0.3 W (b) 0.9 W (c) 3.4 W (d) 5.5 W (e) 8.0 W 


Answer (e) 8.0 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_air=40 [C] 

D=0.25 [m] 

L=26 [m] 

V=5 [m/s] 
epsilon=0.0002 

"The properties of air at 40 C are (Table A-1 5)" 
rho=1.127 [kg/m A 3] 
mu=1 .918E-5 [kg/m-s] 

Re=(rho*V*D)/mu "The calculated Re value is greater than 10,000. Therefore the flow is 
turbulent" 

1/sqrt(f)=-2*log1 0((epsilon/D)/3.7+2.51/(Re*sqrt(f))) "Colebrook equation" 

DELTAP=f*L/D*(rho*V A 2)/2 

A_c=pi*D A 2/4 

V_dot=A_c*V 

W_dot=V_dot*DELTAP 

"Some Wrong Solutions with Common Mistakes" 

W_f=64/Re "Using laminar flow relation" 

W_DELTAP=W_f*L/D*(rho*V A 2)/2 
W W dot=V dot*W DELTAP 
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8-113 .... 8-115 Design and Essay Problems 


8-115 A computer is cooled by a fan blowing air through the case of the computer. The flow rate of the fan 
and the diameter of the casing of the fan are to be specified. 

Assumptions 1 Steady flow conditions exist. 2 Heat flux is uniformly distributed. 3 Air is an ideal gas with 
constant properties. 


Properties The relevant properties of air are (Tables A-l and A- 15) 
c p = 1007 J/kg.°C 

R = 0.287 kPa.m 3 /kg.K 

Analysis We need to determine the flow rate of air for the 
worst case scenario. Therefore, we assume the inlet 
temperature of air to be 50°C, the atmospheric pressure to be 
70.12 kPa, and disregard any heat transfer from the outer 
surfaces of the computer case. The mass flow rate of air 
required to absorb heat at a rate of 80 W can be determined 
from 


Cooling 
air - 



Q = me p (T out -T m ) 


» m — 



80 J/s 

T in ) ~ (1007 J/kg.°C)(60-50)°C 


0.007944 kg/s 


In the worst case the exhaust fan will handle air at 60°C. Then the density of air entering the fan and the 
volume flow rate becomes 


P = 


(/=_= 


70.12 kPa 


RT (0.287 kPa.m 3 /kg.K)(60 + 273)K 
0.007944 kg/ s AAinoo _. 3 
P 0.7337 kg/m 


= 0.7337 kg/m 


= 0.01083 m 3 /s = 0.6497 m 3 /min 


For an average velocity of 120 m/min, the diameter of the duct in which the fan is installed can be 
determined from 


V = A C V = 




/ 4(0.6497 m Vmin) 
y tt(120 m/min) 


= 0.083 m = 8.3 cm 
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Chapter 9 

NATURAL CONVECTION 


9-1 


Physical Mechanisms of Natural Convection 

9-1C Natural convection is the mode of heat transfer that occurs between a solid and a fluid which moves 
under the influence of natural means. Natural convection differs from forced convection in that fluid 
motion in natural convection is caused by natural effects such as buoyancy. 

9-2C The convection heat transfer coefficient is usually higher in forced convection because of the higher 
fluid velocities involved. 

9-3C The hot boiled egg in a spacecraft will cool faster when the spacecraft is on the ground since there is 
no gravity in space, and thus there will be no natural convection currents which is due to the buoyancy 
force. 

9-4C The upward force exerted by a fluid on a body completely or partially immersed in it is called the 
buoyancy or “lifting” force. The buoyancy force is proportional to the density of the medium. Therefore, 
the buoyancy force is the largest in mercury, followed by in water, air, and the evacuated chamber. Note 
that in an evacuated chamber there will be no buoyancy force because of absence of any fluid in the 
medium. 


9-5C The buoyancy force is proportional to the density of the medium, and thus is larger in sea water than 
it is in fresh water. Therefore, the hull of a ship will sink deeper in fresh water because of the smaller 
buoyancy force acting upwards. 

9-6C A spring scale measures the “weight” force acting on it, and the person will weigh less in water 
because of the upward buoyancy force acting on the person’s body. 

9-7C The greater the volume expansion coefficient, the greater the change in density with temperature, the 
greater the buoyancy force, and thus the greater the natural convection currents. 

9-8C There cannot be any natural convection heat transfer in a medium that experiences no change in 
volume with temperature. 

9-9C The lines on an interferometer photograph represent isotherms (constant temperature lines) for a gas, 
which correspond to the lines of constant density. Closely packed lines on a photograph represent a large 
temperature gradient. 

9-10C The Grashof number represents the ratio of the buoyancy force to the viscous force acting on a fluid. 
The inertial forces in Reynolds number is replaced by the buoyancy forces in Grashof number. 


9-11 

P = 


The volume expansion coefficient is defined as p = 


P 


P 


r dp 

\cT j 


RT 


1 

f d(P / RT p 

-1 

f ~ P ^ 

1 

( P ] 

p 

l j 

p P 

\RT 2 j 

“ PT 

[rt) 


. For an ideal gas, P = pRT or 



1 

T 
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9-2 


Natural Convection over Surfaces 

9-12C Rayleigh number is the product of the Grashof and Prandtl numbers. 

35 l 

9-13C A vertical cylinder can be treated as a vertical plate when D > . 

Gr 1/4 

9-14C No, a hot surface will cool slower when facing down since the warmer air in this position cannot rise 
and escape easily. 

9-15C The heat flux will be higher at the bottom of the plate since the thickness of the boundary layer 
which is a measure of thermal resistance is the lowest there. 
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9-3 


9-16 Heat is generated in a horizontal plate while heat is lost from it by convection and radiation. The 
temperature of the plate when steady operating conditions are reached is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties We assume the surface temperature to be 50°C. Then the properties of air at 1 atm and the film 
temperature of (T s +T^)/2 = (50+20)/2 = 35 °C are (Table A- 15) 
k = 0.02625 W/m.°C 


v = 1.655x 10 5 m°/s 
Pr = 0.7268 

B = — = = 0.003247 K 1 

T f (35 + 273)K 

Analysis The characteristic length in this case is 
L = — = (0-16 m)(0.20 m) 

p 2[(0. 16 m) + (0.20 m)] 


Q 


conv 


Air 



The Rayleigh number is 


Ra = 


gfi(T-T„)L c 


Pr = 


v 


(9. 8 1 m/s 2 )(0. 003247 K" 1 )(50 - 20 K)(0.04444 m) 
(1.655x 10 -5 m 2 /s) 2 


(0.7268) - 222,593 


The Nusselt number relation for the top surface of the plate is 
Nu = OMRa 025 = 0.54(222,593) 025 =11.73 


Then 


* = -L Nu = 0 02625 w/m ° C (1 1 .73) = 6.928 W/m 2 ,°C 


L, 


0.504444 m 


and 


Q top =hA(T s -7 M ) = (6.928W/m 2 .°C)(0.16x0.20m 2 )(7 s -20)°C = 0.2217(7, -20) 
The Nusselt number relation for the bottom surface of the plate is 
Nu =0.27 Ra 025 = 0.27(222,593) 025 =5.865 

Then 


L.JLnu. 002625 W/m ° C ,5.865) - 3.464 W/m 2 .»C 


L, 


0.504444 m 


g bottom =hA(T s -T^) = (3.464 W/m 2 . °C)(0. 16x0.20 m z )(T v -20)°C = 0.1108(7, -20) 


Considering that radiation heat loss to surroundings occur both from top and bottom surfaces, it may be 
expressed as 

Grad = 2eAa(T s 4 — T mrr 4 ) 

= (0.9)(2)(0.16x0.20m 2 )(5.67xl0~ 8 W/m 2 .K 4 )[(r s +273 K) 4 -(17 + 273 K) 4 
= 3.2659 xl0 _9 [(r s +273 K) 4 -(17 + 273 K) 4 ] 

When the heat lost from the plate equals to the heat generated, the steady operating conditions are reached. 
The surface temperature in this case can be determined by trial-error or using EES to be 

Q total — top + ^bottom Qrad 

20 W = 0.221 1(T S - 20) + 0. 1 108(7, - 20) + 3.2659 x 10 -9 [(7, + 273 K) 4 - (17 + 273 K) 4 

7, = 46.8°C 
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9-4 


9-17 Flue gases are released to atmosphere using a cylindrical stack. The rates of heat transfer from the 
stack with and without wind cases are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film 
temperature of (T^-T^/2 = (40+10)/2 = 25°C are 
(Table A- 15) 

k = 0.0255 1 W/m.°C 
v = 1.562xl0” 5 m 2 /s 
Pr = 0.7296 

1 1 


Air 

= 10°C 


fi = 


T f (25 + 273)K 


= 0.003356 K 


-l 


L = 1 0 m 


Analysis ( a ) When there is no wind heat transfer is by 
natural convection. The characteristic length in this 
case is the height of the stack, L c = L = 10 m. Then, 



r, = 40°c 


-i 


Rc - SW-W Pr . (^im/ 5 -), 0.003356K; 1 ), 40-lOKMQmV . 


V 


(1.562xl0 -5 m 2 /s) 2 


We can treat this vertical cylinder as a vertical plate since 
35L 35(10) 


Gr 1 ' 4 (2.953 xlO 12 / 0.7296) 1/4 

The Nusselt number is determined from 


= 0.246 <0.6 and thus D > 


35 L 


Gr 


1/4 


Nu = 0ARa U3 = 0.1(2. 953x10 12 ) 1/3 =1435 


(from Table 9-1) 


Then 


A = ^ NU = ftQ2551W/m ° C (1435) = 3.660 W/m 2 ,°C 


L. 


10m 


and 


Q = hA(T s — T o0 ) = (3.660 W/m 2 .°C)(x x 0.6 x 10 m 2 )(40 - 10)°C = 2070 W 

(b) When the stack is exposed to 20 km/h winds, the heat transfer will be by forced convection. We have 
flow of air over a cylinder and the heat transfer rate is determined as follows: 

VD (20 x 1000 / 3600 m/s)(0.6 m) 


Re = 


v 


1.562xl0~ 5 m 2 /s 


= 213,400 


Nu = 0.027 Re 0805 Pr' /3 = 0.027(213, 400) a805 (0.7296) 1/3 =473.9 (from Table 7-1) 

h = — Nu = 0-02551 W/m.°C = w/m2 _ oc 

D 0.6 m 

Q = hA(T s - 7^ ) = (20. 1 5 W/m 2 . °C)(7r x 0.6 x 1 0 m 2 )(40 - 1 0)°C = 11 ,390 W 
Discussion There is more than five-fold increase in heat transfer due to winds. 
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9-5 


9-18 Heat generated by the electrical resistance of a bare cable is dissipated to the surrounding air. The 
surface temperature of the cable is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The temperature of the surface of the cable is constant. 

Properties We assume the surface temperature to be 100°C. Then the properties of air at 1 atm and the film 
temperature of {T^+T^/2 = (100+20)/2 = 60°C are (Table A- 15) 


k = 0.02808W/m.°C 

v = 1.896xl0~ 5 m 2 /s 
Pr = 0.7202 

P = — = = 0.003003 K' 1 

T f (60 + 273)K 


Cable 



Analysis The characteristic length in this case is the outer diameter of the pipe, L c = D = 0.005 m. Then, 


Ra gP(T s -T a0 )D i pr (9.81m/s 2 )(0.003003K- 1 )(100-20K)(0.005m) 3 ^ 02) = 590 2 


V 


(1.896xl0 -5 m 2 /s) 2 


Nu = \ 


0.6 + t 


0.381 Ra 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + t 


0.387(590.2) 


1/6 


1 + (0.559/ 0.7202) 


9/16 


8/27 


= 2.346 


k = Am, = 0.02808 W/m.«C = , 3 „ w/m ! . c 
D 0.005 m 


A v = 7rDL = ^-(0.005 m)(4m) = 0.06283 m 


Q = hA s (T s -T„) 

(60 V)( 1 .5 A) = (1 3 . 1 7 W/m 2 .°C)(0.06283 m 2 )(T S - 20)°C 
T s = 128. 8°C 

which is not close to the assumed value of 100°C. Repeating calculations for an assumed surface 
temperature of 120°C, [T f = (T s +T^/2 = (120+20)/2 = 70°C] 
k = 0.0288 lW/m.°C 


v = 1.995 xl0~ 5 m 2 /s 
Pr = 0.7177 


P = — = = 0.002915 K 1 

T f (70 + 2731K 

„ gP(T s -T x )D\ (9.81 m/s 2 )(0.002915 K '* )(120 - 20 K)(0.005 m) 3 £/1(1 , 

Ra = Pr = — - — (0.7 177) = 644.6 

v 2 (1.995 xlO" 5 m 2 /s) 2 


Nu = 


0.6 


0.381 Ra 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + t 


0.387(644.6) 


1/6 


1 + (0.559/0.7177) 


9/16 


18/27 


= 2.381 


H = — Nu = 0-02881 W/m.°C = m6 w/m2 , c 

D 0.005 m 


Q = hA s (T s -T x ) 

(60 V)(1.5A) = (13.76 W/m 2 . o C)(0.06283m 2 )(r s -20)°C 

T s = 124.1°C 

which is sufficiently close to the assumed value of 120°C. 
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9-19 A horizontal hot water pipe passes through a large room. The rate of heat loss from the pipe by natural 
convection and radiation is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The temperature of the outer surface of the pipe is constant. 

Properties The properties of air at 1 atm and the film temperature 
of (Ts+rj/2 = (73+27)/2 = 50°C are (Table A- 15) 
k = 0.02735 W/m.°C 

v = 1.798x 10“ 5 m 2 /s 
Pr = 0.7228 

P = — = = 0.003096 K' 1 

T f (50 + 273) K 

Analysis ( a ) The characteristic length in this case is the outer diameter of the pipe, L c = D = 0.06 m. Then, 



= (9.81 m /s 2 )(0.003096 K~*)(73-27 K)(0.06 m) 3 = ^ ^ 

(1.798 x 10 -5 m 2 /s) 2 


0.387/to 


= < 0.6 + 


0.387(6.747 xlO 5 ) 176 


1 + (0.559 /0.7228) ( 


, k 0.02735 W/m.°C 

h = — Nu = 

D 0.06 m 


(13.05) = 5.950 W/m 2 .°C 


A s = ttDL = ^-(0.06 m)(10m) = 1.885 m 2 


Q = hA s (T s -TJ = (5.950 W/m 2 .°C)(1 .885 m 2 )(73 - 21 fC = 516 W 
(b) The radiation heat loss from the pipe is 

Qrad =£A s (T{T* ~ T surr 4 ) 

= (0.8X1.885 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(73 + 273 K) 4 - (27 + 273 K) 4 = 533 W 
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9-7 


9-20 A power transistor mounted on the wall dissipates 0.18 W. The surface temperature of the transistor is 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is 
an ideal gas with constant properties. 3 Any heat transfer 
from the base surface is disregarded. 4 The local 
atmospheric pressure is 1 atm. 5 Air properties are 
evaluated at 100°C. 

Properties The properties of air at 1 atm and the given 
film temperature of 100°C are (Table A- 15) 
k = 0.03095 W/m.°C 

v = 2.306x 10 -5 m 2 /s 


Pr = 0.7111 


P = 


1 


1 


T f (100 + 273) K 


= 0.00268 K 


-l 



Power 

transistor, 0.18 W 
D = 0.4 cm 
8 = 0.1 


Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 165°C for the evaluation of h. This is 
the surface temperature that will give a film temperature of 100°C. We will check the accuracy of this 
guess later and repeat the calculations if necessary. 

The transistor loses heat through its cylindrical surface as well as its top surface. For convenience, 
we take the heat transfer coefficient at the top surface of the transistor to be the same as that of its side 
surface. (The alternative is to treat the top surface as a vertical plate, but this will double the amount of 
calculations without providing much improvement in accuracy since the area of the top surface is much 
smaller and it is circular in shape instead of being rectangular). The characteristic length in this case is the 
outer diameter of the transistor, L r = D = 0.004 m. Then, 


Ra = 


gp(T s -T„)D 


Pr = 


v 


(9.81 m/s 2 X0.00268 K' 1 )(165 - 35 K)(0.004 m) 3 
(2.306x 10 -5 m 2 /s) 2 


(0.71 11) = 292.6 


and 


Nu =\ 


0.6 


0.387/ta 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0.387(292.6) 


1/6 


1 + (0.559/ 0.7 111) 


9/16 


8/27 


= 2.039 


h = Rnu = 0-03095 W/m.°C = 15 ?8 w/m2 oc 

D 0.004 m 

A 5 = ttDL + kD 2 /4 = ^-(0.004 m)(0.0045m) + ^-(0.004 m) 2 /4 = 0.0000691m 2 


Q = hA AT -TJ + eA^iT; -T*) 


0.18 W = (15.8 W/m 2 .°C)(0.0000691 m 2 )(T - 35) °C 


+ (0. 1)(0.0000691 m 2 )(5.67 x 1CT 8 )[(T S +273) 4 -(25 + 273 K) 4 


->77 = 187°C 


which is relatively close to the assumed value of 165°C. To improve the accuracy of the result, we repeat 
the Rayleigh number calculation at new surface temperature of 187°C and determine the surface 
temperature to be 

T s = 183°C 

Discussion W evaluated the air properties again at 100°C when repeating the calculation at the new surface 
temperature. It can be shown that the effect of this on the calculated surface temperature is less than 1°C. 
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9-21 EES Prob. 9-20 is reconsidered. The effect of ambient temperature on the surface temperature of the 
transistor is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

Q_dot=0.18 [W] 

T_infinity=35 [C] 

L=0.0045 [m] 

D=0.004 [m] 

epsilon=0.1 

T_surr=T_infinity-10 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=1 01 .3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 
beta=1/(T_film+273) 

T_film=1/2*(T_s+T_infinity) 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 
g=9.807 [m/s A 2] “gravitational acceleration" 

"ANALYSIS" 

delta=D 

Ra=(g*beta*(T_s-T_infinity)*delta A 3)/nu A 2*Pr 

Nusselt=(0.6+(0.387*Ra A (1/6))/(1+(0.559/Pr) A (9/16)) A (8/27)) A 2 

h=k/delta*Nusselt 

A=pi*D*L+pi*D A 2/4 

Q_dot=h*A*(T_s-T_infinity)+epsilon*A*sigma*((T_s+273) A 4-(T_surr+273) A 4) 


TUC] 

T s [C] 

10 

159.9 

12 

161.8 

14 

163.7 

16 

165.6 

18 

167.5 

20 

169.4 

22 

171.3 

24 

173.2 

26 

175.1 

28 

177 

30 

178.9 

32 

180.7 

34 

182.6 

36 

184.5 

38 

186.4 

40 

188.2 



T [C] 

00 
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9-9 


Insulation 


9-22E A hot plate with an insulated back is considered. The rate of heat loss by natural convection is to be 
determined for different orientations. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 
(T s +r x )/2 = (130+75)/2 = 102.5°F are (Table A-15) 
k = 0.01535 Btu/h.ft.°F 

v = 0.1823xl0 -3 ft 2 /s 
Pr = 0.7256 

1 1 


P = 


T f (102.5 + 460)R 


= 0.001778 R 


-l 


Analysis (a) When the plate is vertical, the characteristic length is 
the height of the plate. L = L = 2 ft. Then, 



Ra = 


gp(T s -T„ )L 


(32.2 ft/s " )(0. 001778 R 1 )(1 30 - 75 R)(2 ft) 
(0.1823xl0~ 3 ft 2 /s ) 2 


Pr = 


V 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/ 16 


n 8/ 27 


> = < 


(0.7256) =5.503x10' 

2 


0.825 + 


0. 387(5. 503xl0 8 ) 176 


1 + 


0.492 

0.7256 


\ 9/16 


n 8/27 


= 102.6 


h = —Nu = 0,01535 Btu/h ft F (102.6) = 0.7869 Btu/h.ft 2 ,°F 
L 2ft 

= Lr = (2 ft) 2 = 4 ft 2 

and Q = hA s (T s -T x ) = (0.7869 Btu/h.ft 2 .°F)(4 ft 2 )(130 - 75)°C = 1 73.1 Btu/h 
( b ) When the plate is horizontal with hot surface facing up, the characteristic length is determined from 


L„ =^ 


L 


L 2ft 


4L 4 


= 0.5 ft . 


Then, 


Ra = T, )/.; pr = (32.2 ft/s 2 )( 0.00 1778 R 4 )(130-75 R)(0.5 ft) 3 (0 _ ?256) = ^ x J()6 


V 


(0.1823xl0 -3 ft 2 /s ) 2 


Nu=0.54Ra U4 =0.54(8.598xl0 6 ) 1/4 =29.24 

k = -i-Nu = 0 01535 Bl^ftT (29.24) = 0.8975 BWh.ft 2 ,»F 
L c 0.5 ft 

and Q = hA s (T s -7^) = (0.8975 Btu/h.ft 2 .°F)(4 ft 2 )(1 30 - 75)°C = 1 97.4 Btu/h 

(c) When the plate is horizontal with hot surface facing down, the characteristic length is again 5 = 05 ft 

and the Rayleigh number is Ra = 8.598 x 10 6 . Then, 

Nu = 0.21 Ra 11 4 = 0.27(8.598 xlO 6 ) 1/4 =14.62 

. k 0.01535 Btu/h.ft.°F ,, r 2 OT - 

h = — Nu = (14.62) = 0.4487 Btu/h.ft .°F 

L c 0.5 ft 

and Q = M s (T, -T x ) = (0.4487 Btu/h.ft 2 ,°F)(4 ft 2 )(130-75)°C = 98.7 Btu/h 
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9-23E EES Prob. 9-22E is reconsidered. The rate of natural convection heat transfer for different 
orientations of the plate as a function of the plate temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


9-10 


"GIVEN" 

L=2 [ft] 

T_infinity=75 [F] 

T_s=1 30 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 

rho=Density(Fluid$, T=T_film, P=14.7) 

mu=Viscosity(Fluid$, T=T_film)*Convert(lbm/ft-h, Ibm/ft-s) 

nu=mu/rho 

beta=1/(T_film+460) 

T_film=1/2*(T_s+T_infinity) 
g=32.2 [ft/s A 2] 

"ANALYSIS" 

"(a), plate is vertical" 
delta_a=L 

Ra_a=(g*beta*(T_s-TJnfinity)*delta_a A 3)/nu A 2*Pr 

Nusselt_a=0.59*Ra_a A 0.25 

h_a=k/delta_a*Nusselt_a 

A=L A 2 

Q_dot_a=h_a*A*(T_s-T_infinity) 

"(b), plate is horizontal with hot surface facing up" 

delta_b=A/p 

p=4*L 

Ra_b=(g*beta*(T_s-T_infinity)*delta_b A 3)/nu A 2*Pr 

Nusselt_b=0.54*Ra_b A 0.25 

h_b=k/delta_b*Nusselt_b 

Q_dot_b=h_b*A*(T_s-T_infinity) 

"(c), plate is horizontal with hot surface facing down" 

delta_c=delta_b 

Ra_c=Ra_b 

Nusselt_c=0.27*Ra_c A 0.25 

h_c=k/delta_c*Nusselt_c 

Q_dot_c=h_c*A*(T_s-TJnfinity) 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


T s [F] 

Qa [Btll/hl 

Ob [Btu/hl 

Q c [Btu/h] 

80 

7.714 

9.985 

4.993 

85 

18.32 

23.72 

11.86 

90 

30.38 

39.32 

19.66 

95 

43.47 

56.26 

28.13 

100 

57.37 

74.26 

37.13 

105 

71.97 

93.15 

46.58 

110 

87.15 

112.8 

56.4 

115 

102.8 

133.1 

66.56 

120 

119 

154 

77.02 

125 

135.6 

175.5 

87.75 

130 

152.5 

197.4 

98.72 

135 

169.9 

219.9 

109.9 

140 

187.5 

242.7 

121.3 

145 

205.4 

265.9 

132.9 

150 

223.7 

289.5 

144.7 

155 

242.1 

313.4 

156.7 

160 

260.9 

337.7 

168.8 

165 

279.9 

362.2 

181.1 

170 

299.1 

387.1 

193.5 

175 

318.5 

412.2 

206.1 

180 

338.1 

437.6 

218.8 


250 
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9-24 A cylindrical resistance heater is placed horizontally in a fluid. The outer surface temperature of the 
resistance wire is to be determined for two different fluids. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Any heat transfer by radiation is ignored. 5 Properties are evaluated at 
500°C for air and 40°C for water. 

Properties The properties of air at 1 atm and 500°C are (Table A- 15) 
k =0.05572 W/m.°C 


v = 7.804xlCT 5 m 2 /s 
Pr = 0.6986, 

B = — = = 0.001294 K 1 

T f (500 + 273)K 

The properties of water at 40°C are (Table A-9) 


Resistance 



k = 0.63 1 W/m.°C, v = fit p = 0.6582 x 1(T 6 m 2 /s 
Pr = 4.32, P = 0.000377 K 1 

Analysis (a) The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 1200°C for the calculation of h. We 
will check the accuracy of this guess later and repeat the calculations if necessary. The characteristic length 
in this case is the outer diameter of the wire, L c = D = 0.005 m. Then, 

„ gP(T s -T x )D\ (9.81 m/s 2 )(0. 001294 K' 1 )(1200-20)°C(0.005 m) 3 ^ A n 

Ra = Pr = — - — (0.6986) = 214.7 

v 2 (7.804xlCT 5 m“/s) 2 


and 


Nu = \ 


0.6 


0.387/to 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + t 


0.387(214.7) 


1/6 


1 + (0.559/ 0.6986) 


9/16 


18/27 


= 1.919 


h= — Nu= 0, ° 5 ^ 7 - W/m ° C (1.919) = 21.38 W/m 2 .°C 
D 0.005 m 

= ttDL = ;r(0.005 m)(0.75 m) = 0.01 178 m 2 


Q = hA s (T s — T x )—> 300 W = (21.38 W/m 2 .°C)(0.01 178m 2 )(7’ i -20)°C — > T s =1211°C 

which is sufficiently close to the assumed value of 1200°C used in the evaluation of h, and thus it is not 
necessary to repeat calculations. 

( b ) For the case of water, we “guess” the surface temperature to be 40°C. The characteristic length in this 
case is the outer diameter of the wire, L c = D = 0.005 m. Then, 

„ 8fi(Xs -T a ,)D\ (9.81 m/s 2 )(0. 000377 K _1 )(40-20 K)(0. 005 m) 3 noilVT 

Ra = Pr = — - — (4.32) = 92,197 

v 2 (0.6582x 10 -6 m 2 /s) 2 


Nu = \ 


0.6 


0.387 Ra 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0.387(92,197) 


1/6 


1 + (0.559/ 4.32) 


9/16 


18/27 


} = 8.986 


h = — Nu = 0 ' 63 1 W/m ' C (8.986) = 1134 W/m 2 .°C 
D 0.005 m 


and Q = hA s (T s -T x ) >300 W = (1134 W/m 2 .°C)(0.01178m 2 )(r s -20)°C >T S =42.5°C 

which is sufficiently close to the assumed value of 40°C in the evaluation of the properties and h. The film 
temperature in this case is {T S +T^I2 = (42.5+20)/2 =31.3°C, which is close to the value of 40°C used in the 
evaluation of the properties. 
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9-25 Water is boiling in a pan that is placed on top of a stove. The rate of heat loss from the cylindrical side 
surface of the pan by natural convection and radiation and the ratio of heat lost from the side surfaces of the 
pan to that by the evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 
(Ts+rj/2 = (98+25)/2 = 61.5°C are (Table A- 15) 
k = 0.02819 W/m.°C 


Vapor 
2 kg/h 


v = 1.910xl0 -5 m 2 /s 


Pr = 0.7198 

a- 1 


1 


Air 

T m = 25°C 



T f (61.5 + 273)K 


= 0.00299 K 


-l 


Water 

100°C 


Pan 

T s = 98°C 
£= 0.80 



Analysis ( a ) The characteristic length in this case is the 
height of the pan, L c —L — 0.12 m.Then 


Ra — 


gp{T s -T X )L : 


(9.81 m/s" )(0. 00299 K 1 )(98 - 25 K)(0. 12 m) 
(1.910xl0~ 5 m 2 /s) 2 


Pr = 


V 


(0.7198) = 7.299x10' 


We can treat this vertical cylinder as a vertical plate since 
35 L 35(0.12) 


Gr 


1/4 (7.299xl0 6 / 0.7198) 1/4 


= 0.07443 < 0.25 and thus D > 


35 L 


Gr 


1/4 


Therefore, 


Nu = 0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


-i 8/ 27 


> = < 


0.825 + 


0.387(7.299 xlO 6 ) 1/6 


1 + 


0.492 

0.7198 


\ 9/16 


— 1 8 / 27 


= 28.60 


h = k -Nu = 0-02819 W/m.°C = 6 ?20 w/m2 oc 

L 0.12m 

A=xDL = tt( 0.25 m)(0. 12 m) = 0.09425 m 2 


and 


Q = hA s (T s -T x ) = (6.720 W/m 2 .°C)(0.09425 m 2 )(98 - 25)°C = 46.2 W 

(b) The radiation heat loss from the pan is 

Qrad = £4 , Cr ( 7 ’, 4 ~ T surr 4 ) 

= (0.80X0.09425 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(98 + 273 K) 4 - (25 + 273 K ) 4 = 47.3 W 

(c) The heat loss by the evaporation of water is 

Q = mh fg =(1.5/ 3600 kg/s)(2257 kJ/kg) = 0.9404 kW = 940 W 

Then the ratio of the heat lost from the side surfaces of the pan to that by the evaporation of water then 
becomes 

= 46.2 + 413 = Q Q99 = q qo/q 
940 
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9-26 Water is boiling in a pan that is placed on top of a stove. The rate of heat loss from the cylindrical side 
surface of the pan by natural convection and radiation and the ratio of heat lost from the side surfaces of the 
pan to that by the evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 
(Ts+T^/2 = (98+25)72 = 61.5°C are (Table A-15) 


Vapor 
2 kg/h 


k = 0.02819 W/m.°C 
v = 1.910xlCT 5 m 2 /s 



Pr = 0.7198 

f- 1 


1 


T f (61.5 + 273)K 


= 0.00299 K 


-l 


Air 

7V = 25 °C 


Analysis ( a ) The characteristic length in this case is 
the height of the pan, L c - L - 0.12 m. Then, 


Water 

100°C 


Pan 

T s = 98°C 
8 = 0.1 



Ra = 


gj8(T s -7\)L 


(9.81 m/s z )(0. 00299 K 1 )(98-25 K)(0.12m) 
(1.910xl0~ 5 m 2 /s) 2 


Pr = 


V 


(0.7198) = 7.299x10* 


We can treat this vertical cylinder as a vertical plate since 
35L 35(0.12) 


Gr 1/4 (7.299 xlO 6 /0.7198) 174 


= 0.07443 < 0.25 and thus D > 


35 L 


Gr 


1/4 


Therefore, 


Nu = < 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


— 1 8 / 27 


> = < 


0.825 + 


0.387(7.299 xlO 6 ) 1/6 


1 + 


0.492 

0.7198 


\ 9/ 16 


— 1 8 / 27 


= 28.60 


h = * Nu = 0 028,9 W/ m.°C (28 60) = „ 720 w/m 2 ,= c 
L 0.12m 

= ttDL = 7r(0.25 m)(0. 12 m) = 0.09425 m 2 


and 


Q = hA s (T s -TJ = (6.720 W/m 2 .°C)(0.09425 m 2 )(98 - 25)°C = 46.2 W 

(b) The radiation heat loss from the pan is 

Qrad = *&,<* Vs* - T sun 4 ) 

= (0. 10)(0.09425 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(98 + 273 K) 4 - (25 + 273 K ) 4 = 5.9 W 

(c) The heat loss by the evaporation of water is 

Q = mh fg = (1.5/ 3600 kg/s)(2257 kJ/kg) = 0.9404 kW = 940 W 

Then the ratio of the heat lost from the side surfaces of the pan to that by the evaporation of water then 
becomes 

= 46.2 + 5 . 9 = Q Q55 = 5 50/o 
940 
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9-27 Some cans move slowly in a hot water container made of sheet metal. The rate of heat loss from the 
four side surfaces of the container and the annual cost of those heat losses are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 3 Heat loss from the top surface is disregarded. 

Properties The properties of air at 1 atm and the film Water bath 

temperature of (r s + 7^)72 = (55+20)72 = 37.5°C are (Table A- 15) 55°C 


k = 0.02644 W/m.°C 


v = 1.678xl0 -5 m 2 /s 
Pr = 0.7262 

B = — = = 0.003221 K' 1 

T f (37.5 + 273)K 

Analysis The characteristic length in this case is the 
height of the bath, L c = L = 0.5 m. Then, 




„ sP(T s ~T )L 3 (9.81m/s 2 )(0.003221K 1 )(55-20K)(0.5m) 3 „ C£C ln 

Ra = Pr = — - — (0.7262) = 3.565 x 10 

v~ (1.678xl0~ 5 m 2 /s) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


— 1 8 / 27 


> = < 


0.825 + 


0.387(3. 565xl0 8 ) 176 


1 + 


0.492 

0.7261 


\ 9/16 


— 1 8 / 27 


= 89.84 


h = — Nu = 0-02644 W/m.°C = ^ ^ 

L 0.5 m 

A s = 2[(0.5 m)(l m) + (0.5 m)(3.5 m)] = 4.5 m 2 


and 


Q = hA s (T s -T x ) = (4.75 W/m 2 ,°C)(4.5 m z )(55 - 20)°C = 748. 1 W 
The radiation heat loss is 


Qrad = •S4 s 0'< 7 ’ s 4 ~ T sun A ) 

= (0.7)(4.5 m 2 )(5.67 x 10” 8 W/m 2 .K 4 )[( 
Then the total rate of heat loss becomes 


55 + 273 K) 4 - (20 + 273 K) 4 = 750.9 W 


Q total Q) 


■total xC- natural ' ^ rad 
convection 


+ Q md = 748. 1 + 750.9 = 1499 W 


The amount and cost of the heat loss during one year is 

Q,o,ai = Q total = d-499 kW)(8760 h) = 13,13 1 kWh 

Cost = (1 3,1 3 1 kWh)($0.085 / kWh) = $1116 
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9-28 Some cans move slowly in a hot water container made of sheet metal. It is proposed to insulate the 
side and bottom surfaces of the container for $350. The simple payback period of the insulation to pay for 
itself from the energy it saves is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 3 Heat loss from the top surface is disregarded. 

Properties Insulation will drop the outer surface temperature to a value close to the ambient temperature. 
The solution of this problem requires a trial-and-error approach since the determination of the Rayleigh 
number and thus the Nusselt number depends on the surface temperature, which is unknown. We assume 
the surface temperature to be 26°C. The properties of air at the anticipated film temperature of 
(26+20)/2=23°C are (Table A- 15) 
k = 0.02536 W/m.°C 


v = 1.543x 10 -5 m 2 /s 


Water bath, 55°C 


Pr = 0.7301 

fi = — = = 0.00338 K' 1 

T f (23 + 273)K 

Analysis We start the solution process by 
“guessing” the outer surface temperature to be 
26°C. We will check the accuracy of this guess 
later and repeat the calculations if necessary with 
a better guess based on the results obtained. The 
characteristic length in this case is the height of 
the tank, L c = L = 0.5 m. Then, 



= pr = (9.81 m/s 2 )(0. 00338 K -1 )(26-20K)(0.5 m ) 3 = 7 . 622 x 1() 7 


V 


(1.543 x 10 -5 m 2 /s) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


a 0.492 n9/16 


n8/27 


Pr 


> = < 


0.825 + 


0.387(7.622 x 10 7 ) 1/6 


1 + 


A 0.492 ^ 9/16 


-.8/27 


= 56.53 


0.7301 


h J_ Nu = 0-02536 W/ m .°C = 2 ^ w/m2 , c 

L 0.5 m 

A s = 2[(0.5 m)(1.10 m) + (0.5 m)(3.60 m)] -4.7 m 2 


Then the total rate of heat loss from the outer surface of the insulated tank by convection and radiation 
becomes 


Q = Qconv + Qmd = hA s <T S ~T X )+ sA^T* - T ) 

= (2.868 W/m 2 .°C)(4.7 m 2 )(26- 20)°C 

+ (0.1)(4.7 m 2 )(5.67 x 10~ 8 W/m 2 ,K 4 )[(26 + 273 K) 4 - (20 + 273 K) 4 ] 

= 97.5 W 

In steady operation, the heat lost by the side surfaces of the tank must be equal to the heat lost from the 
exposed surface of the insulation by convection and radiation, which must be equal to the heat conducted 
through the insulation. The second conditions requires the surface temperature to be 

T —T (55 — T )°C 

Q = Qmmiauon = kA, ^ J -> 97.5 W = (0.035 W/m.°C)(4.7 m 2 ) W 

L 0.05 m 


It gives T s = 25.38°C, which is very close to the assumed temperature, 26°C. Therefore, there is no need to 
repeat the calculations. 
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The total amount of heat loss and its cost during one year are 
Q,o, a , = Qro, al Af = (97.5 W)(8760h) = 853.7 kWh 
Cost = (853.7 kWh)( $0,085 / kWh) = $72.6 
Then money saved during a one-year period due to insulation becomes 

Money saved = Cost without - Cost with =$1116- $72.6 = $1043 

insulation insulation 

where $1 1 16 is obtained from the solution of Problem 9-28. The insulation will pay for itself in 

_ , i . , Cost $350 _ _ 

Payback period = = = 0.3354 yr = 122 days 

Money saved $1043/ yr 

Discussion We would definitely recommend the installation of insulation in this case. 
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9-29 A printed circuit board (PCB) is placed in a room. The average temperature of the hot surface of the 
board is to be determined for different orientations. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with 
constant properties. 3 The local atmospheric pressure is 1 atm. 3 The heat 
loss from the back surface of the board is negligible. 

Properties The properties of air at 1 atm and the anticipated film 
temperature of (T & +T^)I2 = (45+20)/2 = 32.5°C are (Table A- 15) 
k = 0.02607 W/m.°C 

v = 1.63 lxlO -5 m 2 /s 


Pr = 0.7275 
1 


1 


T f (32.5 + 273)K 


= 0.003273 K 


-l 



Insulation 


pcb, r s 

8 W 


L = 0.2 m 


Air 

T = 20°C 


Analysis The solution of this problem requires a trial-and-error approach 
since the determination of the Rayleigh number and thus the Nusselt 
number depends on the surface temperature which is unknown 

(a) Vertical PCB . We start the solution process by “guessing” the surface temperature to be 45 °C for the 
evaluation of the properties and h. We will check the accuracy of this guess later and repeat the calculations 
if necessary. The characteristic length in this case is the height of the PCB, L c = L = 0.2 m. Then, 


Ra = 


gj8(T s -T X )L 


V 


p r = (9.8 1 m/s 2 )(0. 003273 K/ 1 )(45 - 20 K)(0.2 m) 3 = L756xl()7 

(1.631xl0" 5 m 2 /s) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/ 16 


— 1 8 / 27 


> = < 


0.825 + 


0. 387(1. 756x 10 7 ) 1/6 


1 + 


0.492 

0.7275 


\ 9/16 


— 1 8 / 27 


= 36.78 


h = k -N U = O' 02607 W/m-°C (36.78) = 4 . 794 w/m 2 ,° c 
L 0.2 m 

A s = (0. 15 m)(0.2m) = 0.03 m 2 

Heat loss by both natural convection and radiation heat can be expressed as 
Q = hA s (T s -T x ) + sA s a(T s A - T mrr 4 ) 

8W = (4.794 W/m 2 ,°C)(0.03 m 2 )(T S - 20)°C + (0.8)(0.03 m 2 )(5.67 x 10 -8 )[(T S + 273) 4 - (20 + 273 K) 4 

Its solution is 

T s = 46.6°C 

which is sufficiently close to the assumed value of 45 °C for the evaluation of the properties and h. 

(b) Horizontal, hot surface facing up Again we assume the surface temperature to be 45 ° C and use the 
properties evaluated above. The characteristic length in this case is 

A s (0.20 m)(0. 15 m) 


= 


p 2(0.2m + 0.15 m) 


= 0.0429 m. 


Then 


„ gP(T -T X )L 3 (9.81 m/s 2 )(0. 003273 K _1 )(45 -20 K)(0.0429 m) 3 ln s 

Ra = 1 Pr = r 1 1 (0.7275) = 1.728x10 


v 


(1.631xl0 -5 m 2 /s) 2 


Nu=0.54Ra V4 = 0.54( 1 .728 x 10 5 ) 1/4 =11.01 
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k 0.02607 W/m.°C 2 0 ^ 

h = — Nu = (1 1.01) = 6.696 W/m . °C 


L 


0.0429 m 


Heat loss by both natural convection and radiation heat can be expressed as 
Q = hA s ( T s -T x ) + s4, a(T s 4 - T sun 4 ) 

8 W = (6.696 W/m 2 .°C)(0.03 m 2 )(J S -20)°C + (0.8)(0.03 m 2 )(5.67xl0 _8 )[(7’ J +273) 4 -(20 + 273K) 4 ] 
Its solution is 

77 = 42.6°C 


which is sufficiently close to the assumed value of 45°C in the evaluation of the properties and h. 

(c) Horizontal, hot surface facing down This time we expect the surface temperature to be higher, and 
assume the surface temperature to be 50°C. We will check this assumption after obtaining result and repeat 
calculations with a better assumption, if necessary. The properties of air at the film temperature of 
(50+20)/2=35°C are (Table A-15) 
k = 0.02625 W/m.°C 


v = 1.655x 10 -5 m 2 /s 


Pr = 0.7268 


j3 = — = = 0.003247 K' 1 

T f (35 + 273)K 

The characteristic length in this case is, from part (b), L c = 0.0429 m. Then, 

Pr = *9.81 m/s 2 )(0. 003247 K 4 )(50-20 K)(0.0429 m) 3 ?26 = 

v 2 (1.655xl0- 5 m 2 /s) 2 


Nu =0.21 Ra V4 =0.27(200,200) 1/4 =5.711 


h = — Nu = 


0.02625 W/m.°C 
0.0429 m 


(5.711) = 3.494 W/m 2 .°C 


Considering both natural convection and radiation heat loses 
Q = hA s (T s - T x ) + sA s a(T s 4 - T surr 4 ) 

8 W = (3.494 W/m 2 . °C)(0.03m 2 )(7; -20)°C + (0.8)(0.03m 2 )(5.67xl0 _8 )[(7’ i +273) 4 


(20 + 273 K) 4 ] 


Its solution is 

T s =50.3°C 

which is very close to the assumed value. Therefore, there is no need to repeat calculations. 
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9-30 EES Prob. 9-29 is reconsidered. The effects of the room temperature and the emissivity of the board 
on the temperature of the hot surface of the board for different orientations of the board are to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.2 [m] 
w=0.15 [m] 

T_infinity=20 [C] 

Q_dot=8 [W] 

epsilon=0.8 

T_surr=T_infinity 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=1 01 .3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 
beta=1/(T_film+273) 

T_film=1/2*(T_s_a+T_infinity) 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 
g=9.807 [m/s A 2] “gravitational acceleration" 

"ANALYSIS" 

"(a), plate is vertical" 
delta_a=L 

Ra_a=(g*beta*(T_s_a-T_infinity)*delta_a A 3)/nu A 2*Pr 

Nusselt_a=0.59*Ra_a A 0.25 

h_a=k/delta_a*Nusselt_a 

A=w*L 

Q_dot=h_a*A*(T_s_a-T_infinity)+epsilon*A*sigma*((T_s_a+273) A 4-(T_surr+273) A 4) 

"(b), plate is horizontal with hot surface facing up" 

delta_b=A/p 

p=2*(w+L) 

Ra_b=(g*beta*(T_s_b-T_infinity)*delta_b A 3)/nu A 2*Pr 

Nusselt_b=0.54*Ra_b A 0.25 

h_b=k/delta_b*Nusselt_b 

Q_dot=h_b*A*(T_s_b-TJnfinity)+epsilon*A*sigma*((T_s_b+273) A 4-(T_surr+273) A 4) 

"(c), plate is horizontal with hot surface facing down" 

delta_c=delta_b 

Ra_c=Ra_b 

Nusselt_c=0.27*Ra_c A 0.25 

h_c=k/delta_c*Nusselt_c 

Q_dot=h_c*A*(T_s_c-TJnfinity)+epsilon*A*sigma*((T_s_c+273) A 4-(T_surr+273) A 4) 
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Too [F] 

T s , a [C] 

T s ,b [C] 

T s , c [C] 

5 

32.54 

28.93 

38.29 

7 

34.34 

30.79 

39.97 

9 

36.14 

32.65 

41.66 

11 

37.95 

34.51 

43.35 

13 

39.75 

36.36 

45.04 

15 

41.55 

38.22 

46.73 

17 

43.35 

40.07 

48.42 

19 

45.15 

41.92 

50.12 

21 

46.95 

43.78 

51.81 

23 

48.75 

45.63 

53.51 

25 

50.55 

47.48 

55.21 

27 

52.35 

49.33 

56.91 

29 

54.16 

51.19 

58.62 

31 

55.96 

53.04 

60.32 

33 

57.76 

54.89 

62.03 

35 

59.56 

56.74 

63.74 
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9-31 Absorber plates whose back side is heavily insulated is placed horizontally outdoors. Solar radiation is 
incident on the plate. The equilibrium temperature of the plate is to be determined for two cases. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the anticipated film 
temperature of (T s +Ta,)/2 = (1 15+25)/2 = 70°C are (Table A- 15) 
k = 0.0288 lW/m.°C 


700 W/m 2 
///// 


Absorber plate 


Air 


v = 1.995 x 10 -5 m 2 /s 


Pr = 0.7177 

fi = 1 


1 


T f (70 + 273)K 


= 0.002915 K 


-l 



Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 1 15°C for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 


characteristic length in this case is L c = 


A s _ (1.2 m)(0.8 m) 
p 2(1.2m + 0.8m) 


= 0.24 m. Then, 


Ra = 


g/KT s -T x )L 


c Pr __ (9-81m/s 2 )(0. 002915 K -1 )(115-25 K)(0.24m) 3 (Q ?17?) _ ^ 


V 


(1.995 xlO -5 m 2 /s) 2 


Nu=0.54Ra V4 = 0.54(6.414x 10 7 ) 1/4 = 48.33 


h = —Nu = Q - 0288 lW/ m .°C = 5>801 w/m2 , c 


L, 


0.24 m 


A s - (0.8 m)(l. 2m) = 0.96 m 2 

In steady operation, the heat gain by the plate by absorption of solar radiation must be equal to the heat loss 
by natural convection and radiation. Therefore, 

Q = ccqA s = (0.87)(700 W/m 2 )(0.96 m 2 ) = 584.6 W 


Q = hA s (T s - T x ) + sA s a(T 4 -T sky 4 ) 

584.6 W = (5.801 W/m 2 .°C)(0.96 tn 2 )(7' I -25)°C 

+ (0.09)(0.96 m 2 )(5.67 x 10~ 8 )[(T S +273) 4 -(10 + 273 K) 4 ] 

Its solution is T s = 11 5.6°C 

which is identical to the assumed value. Therefore there is no need to repeat calculations. 

If the absorber plate is made of ordinary aluminum which has a solar absorptivity of 0.28 and an 
emissivity of 0.07, the rate of solar gain becomes 

Q = ccqA s = (0.28)(700 W/m 2 )(0.96 m 2 ) = 1 88.2 W 

Again noting that in steady operation the heat gain by the plate by absorption of solar radiation must be 
equal to the heat loss by natural convection and radiation, and using the convection coefficient determined 
above for convenience, 

Q = hA s (T s -TJ + aA s a(T 4 - T sky 4 ) 

188.2 W = (5.801 W/m 2 .°C)(0.96 m 2 )(7; - 25)°C + (0.07)(0.96 m 2 )(5.67 x 10“ s )[(7; + 273) 4 - (10 + 273 K) 4 ] 


Its solution is T s = 55.2°C 

Repeating the calculations at the new film temperature of 40°C, we obtain 
h = 4.524 W/m 2 .°C and T, = 62.8°C 
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9-32 An absorber plate whose back side is heavily insulated is placed horizontally outdoors. Solar radiation 
is incident on the plate. The equilibrium temperature of the plate is to be determined for two cases. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the anticipated film 
temperature of (T^+T^/2 = (70+25)/2 = 47.5°C are (Table A- 15) 
k = 0.02717 W/m.°C 


700 W/m 2 
///// 


Absorber plate 


Air 


v = 1.774 xlO -5 m 2 /s 
Pr = 0.7235 

fi = — = = 0.00312 K' 1 

T f (47.5 + 273)K 



Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 70°C for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 


characteristic length in this case is L = 


A s _ (1.2 m)(0.8 m) 
p 2(1.2m + 0.8m) 


= 0.24 m. Then, 


= S m-T x) L? c pr = (9.81 m/s 2 )(0. 003 12 K 1 H70 - 25 K)(0.24 m ) 3 = 4 . 379 x 1() 7 


V 


(1.774xl0~ 5 m 2 /s) 2 


Nu = 0.54Ra 114 = 0.54(4. 379xl0 ? ) 1/4 =43.93 
h = ±Nu = °-° 2717W/m ° C (43.93) = 4.973 W/m 2 .C 


L, 


0.24 m 


A s = (0.8 m)(1.2m) = 0.96 m 2 

In steady operation, the heat gain by the plate by absorption of solar radiation must be equal to the heat loss 
by natural convection and radiation. Therefore, 

Q = aqA s = (0.98)(700 W/m 2 )(0.96 m 2 ) = 658.6 W 
Q = hA s (T s -T x ) + sA s a(T s 4 - T surr 4 ) 


658.6 W = (4.973 W/m 2 ,°C)(0.96 m 2 )(T S - 25)°C 

+ (0.98)(0.96 m 2 )(5.67 x 10~ 8 )[(T S + 273) 4 - (10 + 273 K) 4 ] 

Its solution is T s = 73.5 °C 

which is close to the assumed value. Therefore there is no need to repeat calculations. 

For a white painted absorber plate, the solar absorptivity is 0.26 and the emissivity is 0.90. Then 
the rate of solar gain becomes 

Q = aqA s = (0.26)(700 W/m 2 )(0.96 m 2 ) = 174.7 W 

Again noting that in steady operation the heat gain by the plate by absorption of solar radiation must be 
equal to the heat loss by natural convection and radiation, and using the convection coefficient determined 
above for convenience (actually, we should calculate the new h using data at a lower temperature, and 
iterating if necessary for better accuracy), 

Q = hA, (T s -T x ) + sA s a(T 4 - T sun 4 ) 

174.7 W = (4.973 W/m 2 .°C)(0.96 m 2 )(T S - 25)°C 

+ (0.90)(0.96 m 2 )(5.67 x 10^ 8 )[(T, + 273) 4 -(10 + 273 K) 4 ] 

Its solution is T s = 35.0 °C 

Discussion If we recalculated the h using air properties at 30°C, we would obtain 
h = 3.47 W/m 2 .°C and T s = 36.6°C 
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9-33 A resistance heater is placed along the centerline of a horizontal cylinder whose two circular side 
surfaces are well insulated. The natural convection heat transfer coefficient and whether the radiation effect 
is negligible are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air 

is an ideal gas with constant properties. 3 The local . Cylinder 

atmospheric pressure is 1 atm. ^ ' T s = 120°C 

'Y 20°C 

Analysis The heat transfer surface area of the cylinder is 00 ~ ^ 8 - 0-1 


Cylinder 
T s = 120°C 
8 = 0.1 


A = ttDL = ;r(0.02 m)(0.8 m) = 0.05027 m 2 

Noting that in steady operation the heat dissipated 
from the outer surface must equal to the electric 
power consumed, and radiation is negligible, the 
convection heat transfer is determined to be 

Q = hA (T —T x )—> h = = 

.v v .V OO / . /m m \ 


D = 2 cm 


Resistance 
heater, 60 


L = 0.8 m 


60 W 


= 11.9 W/m 2 .°C 


A S (T S -T X ) ( 0.05027 m 2 )( 120 20) C 
The radiation heat loss from the cylinder is 

Qrad = - T surr 4 ) 

= (0.1)(0.05027 m 2 )(5.67 xlO^ 8 W/m 2 .K 4 )[(120 + 273 K) 4 -(20 + 273K) 4 ] =4.7 W 


Therefore, the fraction of heat loss by radiation is 


Radiation fraction = Qradia,io " = 4,7 W = 0.078 = 7.8% 

Qunai 60 W 

which is greater than 5%. Therefore, the radiation effect is still more than acceptable, and corrections must 
be made for the radiation effect. 
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9-34 A thick fluid flows through a pipe in calm ambient air. The pipe is heated electrically. The power 
rating of the electric resistance heater and the cost of electricity during a 10-h period are to be determined. V 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and 
the film temperature of (T s +T^)/2 = (25+0)/2 
= 12.5°C are (Table A-15) 

k = 0.02458 W/m.°C 

v = 1.448 xlO -5 m 2 /s 


Pr = 0.7330 

t- 1 


1 


T f (12.5 + 273)K 


= 0.003503 K 


-l 



Analysis The characteristic length in this case is the outer diameter of the pipe, L c = D = 0.3 m. Then, 

= Eficr, -T x )Ll pr J 9.81 m /s 2 X0.003503K- 1 )(25-0K)(0.3 m ) 3 8 . 106xl0 7 


V 


(1.448xl0“ 5 m 2 /s) 2 


Nu = { 


0.6 


0.387 Ra 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0. 387(8. 106x10 7 ) 1/6 


h = ± Nu = Q-Q2458W/m.° C _ 2 0 

0.3 m 


1 + (0.559 /0.7330) 9/16 
(53.29) w 4.366 W/m 2 ,°C 


8/27 


= 53.29 


and 


A = 7rDL = 7r( 0.3 m)(100 m) = 94.25 m 


Q = hA s (T s -T r J = (4.366 W/m 2 .°C)(94.25 m 2 )(25 - 0)°C = 10,287 W 


The radiation heat loss from the cylinder is 

Qrnd = SAMT , 4 - T snn 4 ) 


= (0.8)(94.25 m 2 )(5 .67 x 1 0 ~ 8 W/m 2 .K 4 ) [(25 + 273 K ) 4 - (-30 + 273 K ) 4 ] = 1 8,808 W 


Then, 


Q total Q, 




-total ^ natural ' radiation 
convection 


= 10,287 + 1 8,808 = 29,094 W = 29.1 kW 


The total amount and cost of heat loss during a 10 hour period is 
Q = QAt = (29.1 kW)(10h) = 290.9 kWh 
Cost = (290.9 kWh) ($0. 09/kWh) = $26.18 
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9-35 A fluid flows through a pipe in calm ambient air. The pipe is heated electrically. The thickness of the 
insulation needed to reduce the losses by 85% and the money saved during 10-h are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties Insulation will drop the outer surface temperature to a value close to the ambient temperature, 
and possible below it because of the very low sky temperature for radiation heat loss. For convenience, we 
use the properties of air at 1 atm and 5°C (the anticipated film temperature) (Table A- 15), 
k = 0.02401 W/m.°C 


v = 1.382x 10 -5 m 2 /s 


Pr = 0.7350 

/>- 1 


8 = 0.1 


r sky = -30°c 
T » = 0°C 


1 


T f (5 + 273)K 


= 0.003597 K 


-l 


Analysis The rate of heat loss in the previous 
problem was obtained to be 29,094 W. Noting 
that insulation will cut down the heat losses by 
85%, the rate of heat loss will be 


Asphalt 


Insulation 



Q = (1- 0.85)e noinsulation = o. 15 X 29,094 W = 4364 W 
The amount of energy and money insulation will save during a 10-h period is simply determined from 
Qsa.ed.tom, = Qsaved^t = (0-85 X 29.094 kW)( 10 h) = 247.3 kWh 

Money saved = (Energy saved)(Unit cost of energy) = (247.3 kWh)($0.09 / kWh) = $22.26 

The characteristic length in this case is the outer diameter of the insulated pipe, 

L c = D + 2 t insuI = 0.3 + 2 t insul where f insu i is the thickness of insulation in m. Then the problem can be 
formulated for T s and f insu i as follows: 


Ra = 


8fi(Xs -T^)L\ 


Pr = 


v 


(9.81 m/s 2 )(0. 003597 K _1 )[(T 5 -273)K](0.3 + 2 t insul ) 3 
(1.382xl0“ 5 m 2 /s) 2 


(0.7350) 


Nu = \ 


0.6 + - 

0.387 Ra 116 


2 

r 

0 i 

0.387 Ra 1 ' 6 


1 + (0.559 /Pr) 9/16 

8/27 


U.Ut‘ 

1 + (0.559 /0.7350) 9/16 

8/27 


f k AT 0.02401 W/m.°C Ar 
h = — Nu = Nu 


L, 


L, 


A s = t:D q L = ^(0.3 + 2 t insul )(100 m) 

The total rate of heat loss from the outer surface of the insulated pipe by convection and radiation becomes 
Q = Qconv + Qrad = hA s < 7 , ~ T oo ) + ~ T surr *) 


4364 = hA s (T s - 273) + (0.1)A S (5.67 x 10 -8 W/m 2 .K 4 )[T? - (-30 + 273 K) 4 ] 

In steady operation, the heat lost by the side surfaces of the pipe must be equal to the heat lost from the 
exposed surface of the insulation by convection and radiation, which must be equal to the heat conducted 
through the insulation. Therefore, 


Q = Qi 


2 -T,) 


insulation 


_> 4364 W = 


2^(0.035 W/m.°C)( 100 m)(298 - T )K 


In (D a /D) In [(0.3 + 2t insul ) / 0.3] 

The solution of all of the equations above simultaneously using an equation solver gives T s = 281.5 K = 
8.5°C and t- msu \ = 0.013 m = 1.3 cm. 

Note that the film temperature is (8.5+0)/2 = 4.25°C which is very close to the assumed value of 
5°C. Therefore, there is no need to repeat the calculations using properties at this new film temperature. 
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9-36E An industrial furnace that resembles a horizontal cylindrical enclosure whose end surfaces are well 
insulated. The highest allowable surface temperature of the furnace and the annual cost of this loss to the 
plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air 
is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the 
anticipated film temperature of (T s +7T)/2 = 

(140+75)/2=107.5°F are (Table A- 15) 
k = 0.01546 Btu/h.ft.°F 

v = 0.1852xlCT 3 ft 2 /s 
Pr = 0.7249 

P= — = = 0.001762 R 1 

T f (107.5 + 460)R 

Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 140°F for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 
characteristic length in this case is the outer diameter of the furnace, L c = D = 8 ft. Then, 


Air 

T ’ = 75°F 


L= 13 ft 



Ra = 


gp{T s -T X )D 


V 


p r = (32.2 ft/s 3 )( 0.001762 R/ 1 )(140- 75 R)(8 ft) 3 = 3-991xlo io 

(0.1852xl0 -3 ft 2 /s) 2 


Nu = { 


0.6 


0.3 87 /to 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0. 387(3. 991xl0 10 ) 1/6 


1 + (0.559/ 0.7249) 


9/16 


8/27 


= 376.8 


h = — Nu = °- 01546Btu/h ft - F (37 6 .8) = 0.7287 Btu/h.ft 2 ,°F 
D 8ft 

A s = xDL = 7t( 8 ft)(l 3 ft) = 326.7 ft 2 

The total rate of heat generated in the furnace is 

Q gen = (0.82)(48 therms/h) (1 00,000 Btu/therm) = 3.936 x 10 6 Btu/h 

Noting that 1% of the heat generated can be dissipated by natural convection and radiation , 
Q = ( 0.01X3.936 xlO 6 Btu/h) = 39,360 Btu/h 


The total rate of heat loss from the furnace by natural convection and radiation can be expressed as 

Q = hA s (T s -T x ) + sA s a(T s 4 -T surr 4 ) 

39,360 Btu/h = (0.7287 Btu/h.ft 2 .°F)(326.7 ft 2 )[r s - (75 + 460 R )] 

+ (0.85X326.7 m 2 )(0.1714xl0‘ 8 Btu/h.ft 2 .R 4 )[7’ J 4 -(75 + 460R) 4 ] 

Its solution is 

T s = 601.8 R = 141 .8°F 

which is very close to the assumed value. Therefore, there is no need to repeat calculations. The total 
amount of heat loss and its cost during a-2800 hour period is 

Qwtai = Q total ^ = (39,360 Btu/h)(2800h) = 1.102xl0 8 Btu 


Cost = ( 1 . 1 02 x 1 0 8 / 1 00,000 therm) ($ 1.15/ therm) = $1267 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



9-28 


9-37 A glass window is considered. The convection heat transfer coefficient on the inner side of the 
window, the rate of total heat transfer through the window, and the combined natural convection and 
radiation heat transfer coefficient on the outer surface of the window are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air is an 
ideal gas with constant properties. 3 The local atmospheric 
pressure is 1 atm. 

Properties The properties of air at 1 atm and the film 
temperature of (r s +Too)/2 = (5+25)/2 = 15°C are (Table A- 15) 
k = 0.02476 W/m.°C 


Room 
I ’ = 25°C 


L = 1.2 m 



v = 1.470 xl(T 5 m 2 /s 


Pr = 0.7323 

0- 1 


1 


T f (15 + 273)K 


= 0.003472 K 


-l 


Outdoors 

-5°C 


Analysis (a) The characteristic length in this case is the height of the window, L c = L = 1.2 m. Then, 
Ra . p[ _ (9.81,n/, i XO.O(»472K--X25-5K)(l.2 m )^ . 


V 


(1.470xl0“ 5 m 2 /s) 2 


Nil = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 


\ 9/ 16 


-.8/27 


h — — Nil = 
L 


Pr 

0.02476 W/m.°C 
1.2 m 


> = < 


0.825 + 


0.387(3. 989xl0 9 ) 176 


1 + 


0.492 

0.7323 


\ 9/16 


n 8/27 


= 189.7 


(189.7) = 3.915 W/m 2 .°C 


= (1.2 m)(2 m) = 2.4 m 


(b) The sum of the natural convection and radiation heat transfer from the room to the window is 
Gconvection = hA s <+0 ~T , ) = (3.915 W/m 2 ,°C)(2.4 m 2 )(25 - 5)°C = 187.9 W 

G radiation ~ ^s^^surr ~^s ) 


= (0.9)(2.4 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(25 + 273 K) 4 - (5 + 273 K) 4 ] = 234.3 W 

G total = Gconvection + Gradiation = 1 87.9 + 234.3 = 422.2 W 
(c) The outer surface temperature of the window can be determined from 


Q 


kA. 


total 


(T -T ) 

v s,i s,o / 


+r =t 

s,o S,l 


QtotaP 

M, 


= 5°C 


(422.2 W)(0.006 m) 
(0.78 W/m.°C)(2.4 m 2 ) 


= 3.65°C 


Then the combined natural convection and radiation heat transfer coefficient on the outer window surface becomes 

^total — ^combined ^s,o ^00,0 ) 

2 total 422.2 W 


or 


h 


combined 


+ (+, 0 ~Too,o) (2.4 m 2 )[3.65 - (-5)]°C 


= 20.35 W/m 2 . °C 


Note that AT = QR and thus the thermal resistance R of a layer is proportional to the temperature drop 

across that layer. Therefore, the fraction of thermal resistance of the glass is equal to the ratio of the 
temperature drop across the glass to the overall temperature difference, 

5-3.65 


^glass 
R total 


A^glass 

A TR 


total 


25 -(-5) 


= 0.045 (or 4.5%) 


which is low. Thus it is reasonable to neglect the thermal resistance of the glass. 
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9-38 An insulated electric wire is exposed to calm air. The temperature at the interface of the wire and the 
plastic insulation is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the 
anticipated film temperature of (T s +T a 0 )/2 = (50+3 0)/2 
= 40°C are (Table A- 15) 

k = 0.02662 W/m.°C 


v = 1.702xl0 -5 m 2 /s 


Pr = 0.7255 


1 


T f (40 + 273)K 


= 0.003195 K 


-l 



Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 50°C for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 
characteristic length in this case is the outer diameter of the insulated wire L c = D = 0.006 m. Then, 


Ra = 


gp(T s - T,j )D 


Pr = 


(9.8 1 m/s 2 )(0.003 195 K 4 )(50 - 30 K)(0.006 m) 3 


V 


(1.702 xlCT 5 m 2 /s) 2 


Nu = \ 


0.6 


0.387/?« 1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0.387(339.3) 


1/6 


1 + (0.559/ 0.7255) 


9/16 


8/27 


(0.7255) = 339.3 


= 2.101 


h = -Nu = °- 02662 W/m -° C ( 2 . 101 ) = 9.327 W/m 2 .°C 
D 0.006 m 

A s = ttDL = ^-(0.006 m)(12 m) = 0.2262 m 2 
The rate of heat generation, and thus the rate of heat transfer is 
Q = \I = ( 7 V)(10 A) = 70 W 

Considering both natural convection and radiation, the total rate of heat loss can be expressed as 
Q = hA s (T s -T x ) + sA s a(T s 4 - T mrr 4 ) 


70 W = (9.327 W/m 2 .°C)(0.226 m z )(T S -30)°C 

+ (0.9)(0.2262 m 2 )(5.67 x 10~ 8 W/m 2 .K 4 )[(r s +273) 4 -(30 + 273 K) 4 ] 

Its solution is 

T s = 49.9°C 

which is very close to the assumed value of 50°C. Then the temperature at the interface of the wire and the 
plastic cover in steady operation becomes 


Q= , 2 r nkL „ ( T i -T s ) > T i = T s + gln(£>2 /Pl) =49 .9° C + 


(70 W) ln(6/3) 


In (D 2 /D { ) 


27ikL 


2^(0. 20 W/m.°C)(12 m) 


53.1 °C 
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9-39 A steam pipe extended from one end of a plant to the other with no insulation on it. The rate of heat 
loss from the steam pipe and the annual cost of those heat losses are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 


Properties The properties of air at 1 atm and the film 
temperature of ( T^-\-T^)!2 = (170+20)/2 = 95 °C are (Table A- 15) 
k = 0.0306 W/m.°C 


Air 

TV = 20°C 


v = 2.254x 10 -5 m 2 /s 


Pr = 0.7122 
1 


Steam 


1 




r s = 170°C 
8 = 0.7 


D =6.03 cm 


T f (95 + 273)K 


= 0.002717 K 


-l 


L = 60 m 


Analysis The characteristic length in this case is the outer diameter of the pipe, L c = D = 0.0603 m . Then, 
Bo- ^,-r„) D -’ pr _ ,9.81 m /s i ),0.002717K l ), 1 70 - 20K)(0.0603m^ (a71 2 229xlQt 


V 


(2.254xl0~ 5 m 2 /s) 2 


Nu = { 


0.6 


0381 Ra 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + t 


0.387(1.229 xlO 6 ) 176 


1 + (0.559/ 0.7 122) 


9/16 


8/27 


= 15.41 


I TOM , 

D 0.0603 m 

A s = nDL = ^-(0.0603 m)(60 m) = 1 1 .37 m 2 
Then the total rate of heat transfer by natural convection and radiation becomes 
Q = hA (T - T ) + sAMT s 4 - T 4 ) 


= (7.821 W/m 2 .°C)(l 1.37m 2 )(170 - 20)°C 

+ (0.7)(11.37 m 2 )(5.67xl0 -8 W/m 2 .K 4 )[(170 + 273K) 4 -(20 + 273 K) 4 ] 
= 27,393 W = 27.4 kW 

The total amount of gas consumption and its cost during a one-year period is 


Qgas 


QAt 27.393 kJ/s 


'H 


0.78 


1 therm 
105,500 kJ 


(8760 h/yr x 3600 s/h) = 10,498 therms/yr 


Cost = (1 0,498 therms/yr)($ 1.10/ therm) = $11 ,550/y r 
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9-40 EES Prob. 9-39 is reconsidered. The effect of the surface temperature of the steam pipe on the rate of 
heat loss from the pipe and the annual cost of this heat loss is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=60 [m] 

D=0.0603 [m] 

T_s=1 70 [C] 

T_infinity=20 [C] 
epsilon=0.7 
T_surr=T_infinity 
eta_furnace=0.78 
UnitCost=1.10 [$/therm] 
time=24*365 [h] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=1 01 .3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 
beta=1/(TJilm+273) 

T_film=1/2*(T_s+T_infinity) 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 
g=9.807 [m/s A 2] “gravitational acceleration" 

"ANALYSIS" 

delta=D 

Ra=(g*beta*(T_s-T_infinity)*delta A 3)/nu A 2*Pr 

Nusselt=(0.6+(0.387*Ra A (1/6))/(1+(0.559/Pr) A (9/16)) A (8/27)) A 2 

h=k/delta*Nusselt 

A=pi*D*L 

Q_dot=h*A*(T_s-TJnfinity)+epsilon*A*sigma*((T_s+273) A 4-(T_surr+273) A 4) 
Q_gas=(Q_dot*time)/eta_furnace*Convert(h, s)*Convert(J, kJ)*Convert(kJ, therm) 
Cost=Q_gas*UnitCost 
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T S [C] 

Q [W] 

Cost [$] 

100 

11636 

4905 

105 

12594 

5309 

110 

13577 

5723 

115 

14585 

6148 

120 

15618 

6584 

125 

16676 

7030 

130 

17760 

7486 

135 

18869 

7954 

140 

20004 

8432 

145 

21166 

8922 

150 

22355 

9423 

155 

23570 

9936 

160 

24814 

10460 

165 

26085 

10996 

170 

27385 

11543 

175 

28713 

12103 

180 

30071 

12676 

185 

31459 

13261 

190 

32877 

13859 

195 

34327 

14470 

200 

35807 

15094 
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9-41 A steam pipe extended from one end of a plant to the other. It is proposed to insulate the steam pipe for 
$750. The simple payback period of the insulation to pay for itself from the energy it saves are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air is an 
ideal gas with constant properties. 3 The local atmospheric 
pressure is 1 atm. 

Properties The properties of air at 1 atm and the 



Air 

*=0.1 7"oo = 20°C 



Analysis Insulation will drop the outer surface temperature to a value close to the ambient temperature. The 
solution of this problem requires a trial-and-error approach since the determination of the Rayleigh number and 
thus the Nusselt number depends on the surface temperature which is unknown. We start the solution process by 
“guessing” the outer surface temperature to be 35°C for the evaluation of the properties and h. We will check the 
accuracy of this guess later and repeat the calculations if necessary. The characteristic length in this case is the 
outer diameter of the insulated pipe, L c = D = 0. 1603 m. Then, 

,3 


Ra = 


gp{T s -T^)D 


Pr = 


v 


(9.81 m/s 2 X0.003328 K" 1 )(35 - 20 K)(0. 1603 m) 3 
(1.584xl0~ 5 m 2 /s) 2 


(0.7289) = 5.856x10' 


Nu =i 


0.6 


0.387/ta 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 




0.6 + T 


0.387(5. 856xl0 6 ) 176 


1 + (0.559/ 0.7289) 


9/16 


8/27 


A = * Nu = 0-0257 W/m.°C = 3 8g4 w/m2 oc 

D 0.1603 m 


= 24.23 


A v =7rDL = 7r( 0. 1603 m)(60 m) = 30.22 m 


Then the total rate of heat loss from the outer surface of the insulated pipe by convection and radiation becomes 

Q = Qconv +Qrad= hA s ( T S ~ T oo ) + * ~ T surr ^ ) 

= (3.884 W/m 2 .°C)(30.22 m 2 )(35 - 20)°C 

+ (0.1)(30.22 m 2 )(5.67 x 10' 8 W/m 2 .K 4 )[(35 + 273 K) 4 - (20 + 273 K) 4 ] 


= 2039 W 

In steady operation, the heat lost from the exposed surface of the insulation by convection and radiation must be 
equal to the heat conducted through the insulation. This requirement gives the surface temperature to be 




T, ; -T, 


S.l 


insulation 


R: 


ins 


T -T 

S.l s 

In (D 2 !D x ) 
IrckL 


-> 2039 W = 


(170-r )°c 


ln(16.03/ 6.03) 


2^(0.038 W/m.°C)(60 m) 


It gives 30.8°C for the surface temperature, which is somewhat different than the assumed value of 35°C. 
Repeating the calculations with other surface temperatures gives 

r,=34.3°C and Q = 1988 W 

Heat loss and its cost without insulation was determined in the Prob. 9-39 to be 27.388 kW and $1 1,550. Then 
the reduction in the heat losses becomes 

Ssaved = 27.388 - 1 .988 = 25.40 kW or 25.388/27.40 = 0.927 (92.7%) 

Therefore, the money saved by insulation will be 0.927x($l 1,550/yr) = $10,700/yr which will pay for the cost of 
$750 in $750/($10,640/yr)=0.0701 year = 26 days. 
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9-42 A circuit board containing square chips is mounted on a vertical wall in a room. The surface 
temperature of the chips is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The local atmospheric pressure is 1 atm. 4 
The heat transfer from the back side of the circuit board is negligible. 

Properties The properties of air at 1 atm and the anticipated film 
temperature of (T^+T^)/ 2 = (35+25)/2 = 30°C are (Table A- 15) 
k = 0.02588 W/m.°C 

v = 1.608 xlO -5 m 2 /s 
Pr = 0.7282 

j3 = — = = 0.0033 K' 1 

T f (30 + 273) K 

Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 35 °C for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 
characteristic length in this case is the height of the board, L c - L- 0.5 m. Then, 

Ka __ . ,9.81 m/s : 1,0.0033 K" 1 1(35 -25 K)(0.5m) 3 . , , 140x 

v 2 (1.608xlCT 5 m 2 /s) 2 



Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


X 9/16 


-i8/27 


> = < 


0.825 + 


0.387(1. 140xl0 8 ) 176 


1 + 


r 0.492 n9/16 
0.7282 


n 8/27 


= 63.72 


, k AT 0.02588 W/m.°C 

h = — Nu = 

L 0.5 m 

A s = (0.5 m) 2 = 0.25 m 2 


(63.72) = 3.30 W/m 2 .°C 


Considering both natural convection and radiation, the total rate of heat loss can be expressed as 

Q = hA s (T s -T x ) + sA s a(T s 4 - T surr 4 ) 

(121 x 0.18) W = (3.30 W/m 2 .°C)(0.25 m 2 )(T S - 25)°C 

+ (0.7)(0.25 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(r s +273K) 4 -(25 + 273K) 4 ] 


Its solution is 

T s = 36.2°C 

which is sufficiently close to the assumed value in the evaluation of properties and h. Therefore, there is no 
need to repeat calculations by reevaluating the properties and h at the new film temperature. 
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9-43 A circuit board containing square chips is positioned horizontally in a room. The surface temperature 
of the chips is to be determined for two orientations. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The heat transfer from the back side of the circuit board is negligible. 
Properties The properties of air at 1 atm and the anticipated film 
temperature of (T s + T^)/2 = (35+25)/2 = 30°C are (Table A- 15) 
k = 0.02588 W/m.°C 

v = 1.608 xlO -5 m 2 /s 
Pr = 0.7282 

1 1 


pcb, r s 

£= 0.7 
121x0.18 W 


fi = 


T f (30 + 273) K 


= 0.0033 K 


-l 



Air 

T^ = 25°C 
T = 25°C 

± surr ^ 


L = 50 cm 


Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 35 °C for the evaluation of the 
properties and h. The characteristic length for both cases is determined from 

2 

= 0.125 m. 


L= — 


(0.5 m) 


Then, 


p 2[(0.5 m) + (0.5 m)] 


Ra _ gft(T s ~T c0 )L i c pr = (9.8 1 m/s ')((). 0033 K : )( 35 25 K)i0.125 mf =L781xl0 6 


V 


(1.608xl0~ 5 m 2 /s) 2 


(a) Chips (hot surface) facing up: 


Nu = 0.54Ra 114 = 0.54(1.781xl0 6 ) 1/4 = 19.73 
h = ±Nu = 0-02588 WM.°C = 4 _ Q8 ^2^ 


L, 


0.125 m 

2 


A s = (0.5 m) = 0.25 m 

Considering both natural convection and radiation, the total rate of heat loss can be expressed as 

Q = hA s (T s - T x ) + sA s a(T s 4 -T sun 4 ) 

(121 x 0.18) W = (4.08 W/m 2 .°C)(0.25 m 2 ){T S - 25)°C 

+ (0.7)(0.25m 2 )(5.67xl0“ 8 W/m 2 .K 4 )[(T s +273 K) 4 -(25 + 273 K) 4 ] 
Its solution is T s = 35.2°C 

which is sufficiently close to the assumed value. Therefore, there is no need to repeat calculations. 

(. b ) Chips (hot surface) facing up: 

Nu = 0.27 Ra l/4 = 0.27(1 .78 1 x 10 6 ) 1/4 =9.863 
I, = ± N, - 0 02588 W,m ° C (9.863) - 2.04 W/m 1 "C 


L, 


0.125 m 


Considering both natural convection and radiation, the total rate of heat loss can be expressed as 

Q = hA s (T s -T x ) + sA s a(T 4 -T surr 4 ) 

(121 x 0. 1 8) W = (2.04 W/m 2 ,°C)(0.25 m ^ 2 ){T S - 25)°C 

+ (0.7)(0.25 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(r s +273K) 4 -(25 + 273K) 4 ] 

Its solution is T s = 38.3°C 

which is identical to the assumed value in the evaluation of properties and h. Therefore, there is no need to 
repeat calculations. 
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9-44 It is proposed that the side surfaces of a cubic industrial furnace be insulated for $550 in order to 
reduce the heat loss by 90 percent. The thickness of the insulation and the payback period of the insulation 
to pay for itself from the energy it saves are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air 
is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film 
temperature of ( T^+T^)I2 = (1 10+30)/2 = 70°C are 
(Table A- 15) 

k = 0.02881 W/m.°C 

v = 1.995x 10 -5 m 2 /s 


Pr = 0.7177 

P = — - = - 
T 


1 


= 0.002915 K 


-l 



f (70 + 273)K 

Analysis The characteristic length in this case is the height of the furnace, L c = L = 2 m. Then, 

Ra - p r _ <9.81 m/s 2 )(0. 002915 K" 1 HI 10-30 K)(2 ml 3 (Q 7177 ) -3 3q 1 x 1 q 10 


V 


(1.995 xlCT 5 m 2 /s) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


X 9/16 


-18/27 


> =< 


0.825 + 


0. 387(3. 301xl0 10 ) 1/6 


1 + 


r 0.492 n9/16 
0.7177 


“1 8/ 27 


= 369.2 


h = 


— Nu = 


0.02881 W/m.°C 
2 m 


(369.2) = 5.318 W/m 2 .°C 


A s = 4(2 m) 2 = 16 m 2 


Then the heat loss by combined natural convection and radiation becomes 

Q = hA s ( T s ~ T ao) + sA s a(T s A - T surr 4 ) 

= (5.318 W/m 2 .°C)(16 m 2 )(1 10 - 30)°C 

+ (0.7)(16 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(110 + 273K) 4 -(30 + 273 K) 4 ] 
= 15,119 W 


Noting that insulation will reduce the heat losses by 90%, the rate of heat loss after insulation will be 

e s aved =0.96 noinsulation = 0.9 X 15,1 19 W= 13,607 W 

2 loss =(l-0.9)e noinsulation = 0.1x15,119 W = 1512 W 

The furnace operates continuously and thus 8760 h. Then the amount of energy and money the insulation 
will save becomes 


Energy saved = Q saved At = 


13.607 kJ/s 


0.78 


1 therm 


(8760 x 3600 s/yr) = 5215 therms/yr 


105,500 kJ 

Money saved = (Energy saved)(Unit cost of energy) = (5215 therms)($0.55 / therm) = $2868 

Therefore, the money saved by insulation will pay for the cost of $550 in 
550/($2868/yr)=0. 1918 yr = 70 days. 
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Insulation will lower the outer surface temperature, the Rayleigh and Nusselt numbers, and thus the 
convection heat transfer coefficient. For the evaluation of the heat transfer coefficient, we assume the 
surface temperature in this case to be 50°C. The properties of air at the film temperature of (T s +ToS)/2 = 
(50+30)/2 = 40°C are (Table A- 15) 
k = 0.02662 W/m.°C 

v = 1.702 xlO -5 m 2 /s 
Pr = 0.7255 


P = 


1 


1 


T f (40+ 273)K 


= 0.003 195 K 


-l 


Then, 


Ra = 


gi 8(T s -7; )L 


V 


Pr = 


(9.81 m/s 2 )(0. 003 195 K+(50-30K)(2 m) 3 
(1.702 xlCT 5 m 2 /s) 2 


(0.7255) = 1.256x10 


10 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


^ 0.492 ^ 9/16 
v Pr j 


-|8/27 


> — < 


0.825 + 


0. 387(1. 256 x 10 10 ) 1/6 


1 + 


r 0.492 n9/16 
0.7255 


n 8/ 27 


= 272.0 


. k 0.02662 W/m.°C 2 

h = — Nu = (272.0) = 3.620 W/m 2 .°C 

L 2 m 

4 = 4 x (2 m)(2 + 2t insul ) m 

The total rate of heat loss from the outer surface of the insulated furnace by convection and radiation 
becomes 

Q = Qconv + Q rad = hA s (T s ~T X ) + sA s a(T s 4 ~T mr 4 ) 

1512 W = (3.620 W/m 2 .°C )A(T S -30)°C 

+ (0.7) A(5.67 x 10 -8 W/m 2 .K 4 )[(r f +273K) 4 -(30 + 273K) 4 ] 

In steady operation, the heat lost by the side surfaces of the pipe must be equal to the heat lost from the 
exposed surface of the insulation by convection and radiation, which must be equal to the heat conducted 
through the insulation. Therefore, 


Q Q insulation ^Av 


(T —T\ n 10 — T }°C 

t furnace 1512 W = (0.038 W/m.°C)A„ - s 


t: 


ins 


t: 


insul 


Solving the two equations above by trial-and error (or better yet, an equation solver) gives 
r s = 41.1°C and 7 insul = 0.0285 m = 2.85 cm 
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9-45 A cylindrical propane tank is exposed to calm ambient air. The propane is slowly vaporized due to a 
crack developed at the top of the tank. The time it will take for the tank to empty is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air 
is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Radiation heat transfer Air 

is negligible. 

Properties The properties of air at 1 atm and the film 
temperature of (r s +Too)/2 = (-42+25 )/2 = -8.5°C are 
(Table A- 15) 

k = 0.02299 W/m.°C 

v = 1.265 xlO -5 m 2 /s 
Pr = 0.7383 

j3 = — = = 0.00378 1 K' 1 

T f (-8.5 + 273)K 

Analysis The tank gains heat through its cylindrical surface as well as its circular end surfaces. For 
convenience, we take the heat transfer coefficient at the end surfaces of the tank to be the same as that of its 
side surface. (The alternative is to treat the end surfaces as a vertical plate, but this will double the amount 
of calculations without providing much improvement in accuracy since the area of the end surfaces is much 
smaller and it is circular in shape rather than being rectangular). The characteristic length in this case is the 
outer diameter of the tank, L c = D = 1 .5 m. Then, 


Too = 25°C 



Ra = 


gp{T x —T S )D 


V 


p r = (9.81 m /s^)(0.003781K+[(25-(-42)K](1.5 m ) 3 (07383) = ^ x 1()1 o 

(1.265 xlO -5 m 2 /s) 2 


Nu = { 


0.6 


0.387/to 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0.387(3.869 xlO 10 ) 17 6 


1 + (0.559/ 0.7383) 


9/16 


8/27 


= 374.1 


and 


h = — Nu = 0 - 022 99W/m.°C = ^ w/m2 . oc 

D 1.5m 

= kDL + 2kD 2 /4 = ^(1.5m)(4m) + 2ff(1.5m) 2 /4 = 22.38m 2 


Q = hA s (T x -T s ) = (5.733 W/m 2 .°C)(22.38 m 2 )[(25 - (-42)]°C = 8598 W 


The total mass and the rate of evaporation of propane are 


7rD 


m = pi/ = p - L = (58 1 kg/m' ) 


. Q 8.598 kJ/s , 

m = = = 0.02023 kg/s 


^(1.5 m) 


4 


(4 m) = 4107 kg 


h fg 425 kJ/kg 
and it will take 

rn 4107 k2 

At = — = = 202,996 s = 56.4 hours 

m 0.02023 kg/s 

for the propane tank to empty. 
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9-46E The average surface temperature of a human head is to be determined when it is not covered. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The head can be approximated as a 12-in. -diameter sphere. 

Properties The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 90°F for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 
properties of air at 1 atm and the anticipated film temperature of (r s +7T)/2 = (90+70)/2 = 80°F are (Table 
A-15E) 


k = 0.01481 Btu/h.ft.°F 

v = 1.697 x 10 -4 ft 2 / s 
Pr = 0.7290 


Air 

T 0 o = 70°F 


P = — = = 0.001852 R - 1 

T f (80 + 460)R 

Analysis The characteristic length for a spherical 
object is L c = D = 12/12 = 1 ft. Then, 

„ gP(T -T X )D 3 (32.2 ft/s 2 )(0.001 852 R 1 )(90 - 70 R )(1 ft) 3 

v 2 (1.697 x 10 -4 ft 2 /s ) 2 


Head 

Q = Va 240 Btu/h 



Nil — 2 + 


0.589 Ra 


1/4 


1 + 


0.469 

Pr 


\ 9/16 


n 4/9 


2 | 0.589(3.019 xl0 7 ) 1/4 


f 


1 + 


0.469 

0.7290 


\ 9/16 


~ 1 4 / 9 


h = —Nu = °- 01481Btu/hft F ( 35 , 79 ) = 0.5300 Btu/h.ft 2 .°F 
D 1ft 

A s =kD 2 = /r(l ft) 2 =3.142 ft 2 

Considering both natural convection and radiation, the total rate of heat loss can be written as 

Q = hA s (T s - T x ) + eA s a(T s 4 - T surr 4 ) 

(240 / 4 Btu/h) = (0.5300 Btu/h. ft 2 ,°F)(3. 142 ft 2 )(T S -70)°F 

+ (0.9)(3.142m 2 )(0.1714xl0"' 8 Btu/h.ft 2 .R 4 )[(^ +460R) 4 -(70 + 460 R) 4 ] 

Its solution is 


T s = 82.9°F 

which is sufficiently close to the assumed value in the evaluation of the properties and h. Therefore, there is 
no need to repeat calculations. 
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9-47 The equilibrium temperature of a light glass bulb in a room is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The light bulb is approximated as an 8-cm-diameter sphere. 

Properties The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 170°C for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 
properties of air at 1 atm and the anticipated film temperature of (T s +T^)/2 = (170+25)/2 = 97.5°C are 
(Table A- 15) 


k = 0.03077 W/m.°C 
v = 2.279xl0~ 5 m 2 /s 


Pr = 0.7116 

/»-■ 


Air 

T « = 25 °C 


1 


T f (97.5 + 273)K 


= 0.002699 K 


-l 


Analysis The characteristic length in this case is 
L c = D = 0.08 m. Then, 

Ra= sm-T x )D\ r 

v 2 

(9.81 m/s 2 )(0. 002699 K 4 )(170 - 25 K)(0.08 m) 



(2.279 xl(T 5 m 2 /s) 2 


(0.7116) = 2.694x10' 


Nu = 2 + t 


0.589 Ra 


1/4 


1 + (0.469 /Pr) 


9/16 


4/9 


= 2 + t 


0.589(2.694 xlO 6 ) 1/4 


1 + (0.469/ 0.71 16) 


9/16 


4/9 


= 20.42 


Then 


* = ^Nu = 0, ° 3077 W/m.°C (2Q 42) = 7 . 854 w/m2 .o C 
D 0.08 m 

A s = 7rD 2 = /r(0.08 m) 2 = 0.02011m 2 

Considering both natural convection and radiation, the total rate of heat loss can be written as 

Q = hA s (T s -T x ) + eA s a{T s A - T surr 4 ) 

(0.90 x 60) W = (7.854 W/m 2 ,°C)(0.0201 1 m 2 )(T S - 25)°C 

+ (0.9)(0.0201 lm 2 )(5.67xl0^ s W/m 2 .K 4 )[(^ +273) 4 -(25 + 273K) 4 ] 

Its solution is 

T s = 169.4°C 

which is sufficiently close to the value assumed in the evaluation of properties and h. Therefore, there is no 
need to repeat calculations. 
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9-48 A vertically oriented cylindrical hot water tank is located in a bathroom. The rate of heat loss from the 
tank by natural convection and radiation is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The temperature of the outer surface of the tank is constant. 

Properties The properties of air at 1 atm and the film temperature 
of (Ts+rj/ 2 = (44+20)72 = 32°C are (Table A- 15) 


k = 0.02603 W/m.°C 

v = 1.627 x 10 -5 m 2 /s 
Pr = 0.7276 

/>- 1 


Air 

= 20°c 


T f (32 + 273) K 


= 0.003279 K 


-l 


Analysis The characteristic length in this case is the height of 
the cylinder, L c -L- 1.1m. Then, 



„ gPV'-T^V (9.81 m/s" )(0. 003279 K"')(44-20 K)(l.l m) J „ DO „ in , 
Gr = = — - — = 3.883x10 


v 


(1.627 x 10~ 5 m 2 /s) 2 


A vertical cylinder can be treated as a vertical plate when 

35L 35(1.1 m) 


D(= 0.4 m)> 


Gr 


1/4 (3.883xl0 9 ) 174 


= 0.1542 m 


which is satisfied. That is, the Nusselt number relation for a vertical plate can be used for the side surfaces. 
For the top and bottom surfaces we use the relevant Nusselt number relations. First, for the side surfaces, 

Ra = GrPr = (3.883 xlO 9 )(0.7276) = 2.825 xlO 9 

2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


n8/27 


> =< 


0.825 + 


0.387(2.825 x 10 9 ) 1/6 


1 + 


r 0.492 ^ 9/16 


— 1 8 / 27 


0.7276 


= 170.2 


h = * m = 0 021,03 W/m ° C (170.2) = 4.027 W/m 2 ,°C 
L 1.1m 

A s = ttDL = 7i (0 A m)(l. 1 m) = 1 .382 m 2 

Gside = hA s ( T s ~ T cc) = (4.027 W/m 2 .°C)(1 .382 m 2 )(44 - 20)°C = 1 33.6 W 
For the top surface, 

A s _ tiD 2 74 _D_0.4m 
~ 4 ~ 4 




= 0.1 m 


P 


7lD 


Ra = RPV.-TJI}' pr = (9.81 m/s 2 )(0. 003279 K 1 )(44 - 20 K)( 0. 1 m) 3 = 2 . 123 x 10 « 


V 


(1.627 x 10 -5 m 2 /s) 2 


Nu = 0.54Ra 1/4 = 0.54(2.123xl() 6 ) 1/4 =20.61 


h= ± Nu = 0-02603 W/m. °C ^ ^ _ e 2 

0.1m 


(20.61) = 5.365 W/m 2 . °C 


A s = kD 2 / 4 = ;r(0.4 m) 2 / 4 = 0.1257 m 2 

<2 top = hA s (T s -T x ) = (5.365 W/m 2 . °C)(0. 1257 m 2 )(44-20)°C = 16.2 W 
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For the bottom surface, 


Nu = 0.27Ra 1/4 = 0.27(2.123xl() 6 ) 1/4 =10.31 


k = -^—Nu = 0-02603 W/m.°C = ^ 3 ^ 2 ^ 


L 


0.1m 


Gbottom =hA s (T s - T^) = (2.683 W/m 2 .°C)(0.1257 m 2 )(44-20)°C = 8.1 W 
The total heat loss by natural convection is 

2conv = Gside + Gtop + Qbottom = 133.6 + 16.2 + 8 . 1 = 157.9 W 
The radiation heat loss from the tank is 
Grad =SAMT s 4 ~T surr 4 ) 

= (0.4)(1 .382 + 0. 1257 + 0. 1257 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(44 + 273 K ) 4 - (20 + 273 K ) 4 

= 101.1 W 
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9-49 A rectangular container filled with cold water is gaining heat from its surroundings by natural 
convection and radiation. The water temperature in the container after a 3 hours and the average rate of heat 
transfer are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The heat transfer coefficient at the top and bottom surfaces is the same as 
that on the side surfaces. 

Properties The properties of air at 1 atm and the anticipated film 
temperature of ( T^-T^)/2 = (10+24)/2 = 17°C are (Table A- 15) 
k = 0.02491 W/m.°C 


v = 1.489 xlO -5 m 2 /s 


Pr = 0.7317 

t- 1 


1 


T f (17 + 273)K 


= 0.003448 K 


-l 


Air 

T ' = 24°C 




Container 

T 

1 s 

s- 0.6 


The properties of water at 2°C are (Table A-9) 

p = 1000 kg/m 3 and c p =4214J/kg.°C 

Analysis We first evaluate the heat transfer coefficient on the side surfaces. The characteristic length in this 
case is the height of the container, 

L c = L = 0.28 m. Then, 

R ,- SW- ~ r - )L> p,.. <^l^ 2 )<0003448K--H24- 1 OK)(0.2 8 .n) i , ft7317) . Lmylg , 


V 


(1.489xlCT 5 m 2 /s) 2 


Nu = < 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


X 9/16 


n8/27 


> = < 


0.825 + 


0.387(1. 133xl0 7 ) 176 


1 + 


0.492 

0.7317 


\ 9/16 


n 8/ 27 


h = — Nu = 0-02491 W/m.°C = 

L 0.28 m 

A s = 2(0.28 x 0. 1 8 + 0.28 x 0. 1 8 + 0. 1 8 x 0. 1 8) = 0.2664 m : 
The rate of heat transfer can be expressed as 


Q ~ Qconv + Grad “ hA 


T 


oo 


^ 1+^2 

2 


+ £<jA, 


r. 


SUIT 


+1 + T 2 ^ 4 
2 


= (4.224 W/m 2 .°C)(0.2664 m 2 ) 


297- 


275 + r 2 


+ (0.6)(0.2664 m 2 )(5.67 x 10 -8 W/m 2 .K 4 ) 


2 


297 


^275 + 70 4 


= 30.52 


(Eq. 1) 


where (Tj+ T 2 )/2 is the average temperature of water (or the container surface). The mass of water in the 
container is 

m = pl/ = (1000 kg/m 3 )(0.28 x 0. 1 8 x 0. 1 8)m 3 = 9.072 kg 
Then the amount of heat transfer to the water is 

Q = me p (T 2 - T\)~ (9.072 kg)(4214 J/kg.°C)(T 2 - 275)°C = 38,229(T 2 -275) 
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The average rate of heat transfer can be expressed as 


Q _ 38,229(T 2 - 275) 
At 3 x 3600s 


3.53976(T 2 -275) 


(Eq. 2) 


Setting Eq. 1 and Eq. 2 equal to each other, we obtain the final water temperature. 

T 2 = 284.7 K = 11.7°C 

We could repeat the solution using air properties at the new film temperature using this value to increase 
the accuracy. However, this would only affect the heat transfer value somewhat, which would not have 
significant effect on the final water temperature. The average rate of heat transfer can be determined from 
Eq. 2 

Q = 3.53976(1 1.7 - 2) = 34.3 W 
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9-50 EES Prob. 9-49 is reconsidered. The water temperature in the container as a function of the heating 
time is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
height=0.28 [m] 

L=0.1 8 [m] 
w=0.18 [m] 

T_infinity=24 [C] 

T wl =2 [C] 
epsilon=0.6 
T_surr=T_infinity 
time=3 [h] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=T_film) 
rho=Density(Fluid$, T=T_film, P=1 01 .3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 
beta=1/(T_film+273) 

T_film=1/2*(T_w_ave+T_infinity) 

T_w_ave=1/2*(T_w1 +T_w2) 
rho_w=Density(water, T=T_w_ave, P=101.3) 

C_p_w=CP(water, T=T_w_ave, P=1 01 .3)*Convert(kJ/kg-C, J/kg-C) 
sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 
g=9.807 [m/s A 2] "gravitational acceleration" 

"ANALYSIS" 

delta=height 

Ra=(g*beta*(T_infinity-T_w_ave)*delta A 3)/nu A 2*Pr 

Nusselt=0.59*Ra A 0.25 

h=k/delta*Nusselt 

A=2*(height*L+height*w+w*L) 

Q_dot=h*A*(T_infinity-T_w_ave)+epsilon*A*sigma*((T_surr+273) A 4-(T_w_ave+273) A 4) 

m_w= rh o_w*V_w 
V_w=height*L*w 
Q=m_w*C_p_w*(T_w2-T_w1 ) 

Q_dot=Q/(time*Convert(h, s)) 
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9-51 A room is to be heated by a cylindrical coal-burning stove. The surface temperature of the stove and 
the amount of coal burned during a 14-h period are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 The temperature of the outer surface of the stove is constant. 5 The heat 
transfer from the bottom surface is negligible. 6 The heat transfer coefficient at the top surface is the same 
as that on the side surface. 


Properties The properties of air at 1 atm and the anticipated film 
temperature of (T,+T^)I2 = (130+24)/2 = 77°C are (Table A-15) 
k = 0.02931 W/m.°C 

v = 2.066x 10 -5 m 2 /s 
Pr = 0.7161 

P = — = = 0.002857 K' 1 

T f (77 + 273)K 

Analysis The characteristic length in this case is the 
height of the cylindir, L c = L = 0.7 m. Then, 


Air 

= 24°C 



Stove 
s= 0.85 


gj3(T s - T * )L J (9.8 1 m/s z )(0.002857 K _1 )(1 30 - 24 K)(0.70 m) 


Gr = 


v 


(2.066 xlO -5 m 2 /s) 2 


-2.387x10 


A vertical cylinder can be treated as a vertical plate when 

35 L 35(0.7 m) 


D(= 0.32 m) > 


Gr 


1/4 (2.387 x 10 9 ) 1/4 


-0.1108 m 


which is satisfied. That is, the Nusselt number relation for a vertical plate can be used for side surfaces. 
Ra = GrPr = (2.387 x 10 9 )(0.7 1 61) = 1 .709 x 10 9 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


n 8/ 27 


> =< 


0.825 + 


0.387(1 .709 x 10 9 ) 1/6 


1 + 


r 0.492 ^ 9/16 
0.7161 


— 1 8 / 27 


= 145.2 


h = — Nu = 0-02931 W/m.°C = 6 080 w/m2 oc 

L 0.7 m 

A s - 7rDL + 7tD 2 /4- ^(0.32 m)(0.7m) + ^(0.32 m) 2 /4- 0.7841m 2 
Then the surface temperature of the stove is determined from 

Q = Gconv + Grad = hA s <+ “^00)+ £<jA s “ 7 ^/ ) 

1500 W = (6.080 W/m 2 .°C)(0.7841 m 2 )(T s -297) 

+ (0.85X0.7841 m 2 )(5.67xl0' 8 W/m 2 .K 4 )(r s 4 -287 4 ) 

T s = 419.6 K = 146.6°C 
The amount of coal used is determined from 

Q = QAt = (1.5 kJ/s)(14 h/day x3600 s/h) = 75,600 kJ 
Q/rj (75,600 kJ)/0.65 


m 


coal 


HV 30,000 kJ/kg 


- 3.88 kg 
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9-52 Water in a tank is to be heated by a spherical heater. The heating time is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The temperature of the outer surface of the sphere is 
constant. 


Properties Using the average temperature for water (15+45)/2=30°C 
as the fluid temperature, the properties of water at the film 
temperature of (T s +T^)/2 = (85+30)/2 = 57.5°C are (Table A- 15) 


k = 0.6515 W/m.°C 

v = 0.493 xl(r 6 m 2 /s 
Pr = 3.12 

P = 0.501xlCT 3 K" 1 



Resistance 
heater 
r s = 85°C 
D - 6 cm 


Also, the properties of water at 30°C are (Table A- 15) 
p = 996 kg/m 3 and c p =4178J/kg.°C 
Analysis The characteristic length in this case is L c = D = 0.06 m. Then, 


Ra = 


gP(T s -TJD 


Pr = 


v 


Nu = 2 + t 


0.589/to 


1/4 


(9.81 m/s 2 )(0.501xlQ~ 3 K^XSS-SOKXO.Oem) 3 
(0.493 xlCT 6 m 2 /s) 2 

0.589(7.495x10 8 ) 1/4 


(3.12) = 7.495x10' 


1 + (0.469 /Pr) 


9/16 


4/9 


= 2 


1 + (0.469 73.12) 


9/16 


4/9 


= 87.44 


h = — Nu = °- 6515W/m - C (87.44) = 949.5 W/m 2 .°C 
D 0.06 m 

A, = xD 1 = ;r(0.06 m) 2 =0.01 131m 2 


The rate of heat transfer by convection is 


Gconv = hA A T s ~ T J = (949.5 W/m 2 . o C)(0.01131m 2 )(85-30) =590.6 W 


The mass of water in the container is 

m = pi/ = (996 kg/m 3 )(0.040m 3 ) = 39.84 kg 
The amount of heat transfer to the water is 

Q = mc p (T 2 -r, ) = (39.84 kg)(4 178 J/kg.°C)(45-15)°C = 4.994xl0 6 J 


Then the time the heater should be 

At _Q_ 4.994 xlQ 6 J _ 
1 Q~ 590.6 J/s 


on becomes 

8456 s = 2.35 hours 
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Natural Convection from Finned Surfaces and PCBs 

9-53C Finned surfaces are frequently used in practice to enhance heat transfer by providing a larger heat 
transfer surface area. Finned surfaces are referred to as heat sinks in the electronics industry since they 
provide a medium to which the waste heat generated in the electronic components can be transferred 
effectively. 


9-54C A heat sink with closely packed fins will have greater surface area for heat transfer, but smaller heat 
transfer coefficient because of the extra resistance the additional fins introduce to fluid flow through the 
interfin passages. 


9-55C Removing some of the fins on the heat sink will decrease heat transfer surface area, but will increase 
heat transfer coefficient. The decrease on heat transfer surface area more than offsets the increase in heat 
transfer coefficient, and thus heat transfer rate will decrease. In the second case, the decrease on heat 
transfer coefficient more than offsets the increase in heat transfer surface area, and thus heat transfer rate 
will again decrease. 


9-56 An aluminum heat sink of rectangular profile oriented vertically is used to cool a power transistor. 
The average natural convection heat transfer coefficient is to be determined. 


Assumptions 1 Steady operating 
conditions exist. 2 Air is an ideal gas with 
constant properties. 3 Radiation heat 
transfer from the sink is negligible. 4 The 
entire sink is at the base temperature. 

Analysis The total surface area of 
the heat sink is 


Power 



A fms = 2 nUb = (2)(6)(0.0762 m)(0.0152 m) + (2)(0.0048 m)(0.0762 m) = 0.01463 m 2 
A unfinned = (4X0.0145 mX0.0762 m) + (0.0317 m)(0.0762 m) = 0.006835 m 2 
Annul = A fins +A mfinned = 0.01463 + 0.006835 = 0.021465 m 2 


Then the average natural convection heat transfer coefficient becomes 

Q 15 W 


Q = hA to,al c r - T x ) > h = 


Annul (L ~ T 0 „ ) (0.02 1 465 m 2 )(1 20 - 22)°C 


7.13 W/m 2 .°C 
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9-57 Aluminum heat sinks of rectangular profile oriented vertically are used to cool a power transistor. A 
shroud is placed very close to the tips of fins. The average natural convection heat transfer coefficient is to 
be determined. 


Assumptions 1 Steady operating 
conditions exist. 2 Air is an ideal 
gas with constant properties. 3 
Radiation heat transfer from the 
sink is negligible. 4 The entire sink 
is at the base temperature. 

Analysis The total surface area of 
the shrouded heat sink is 



Shroud 



A fms = 2 nLb = (2)(6)(0.0762 m)(0.0152 m) = 0.013898 m 2 
A unfmned = (4X0.0145 mX0.0762 m) + (0.0317 m)(0.0762 m) = 0.006835 m 2 
A shroud = (2X0.0968 mX0.0762 m) = 0.014752 m 2 
A,o,ai = A fins + Knfinned + A shroud = 0.013898 + 0.006835 + 0.014752 = 0.035486 m 2 


Then the average natural convection heat transfer coefficient becomes 

Q 15 W 


Q = hA total ( T s - T co ) > h = 


A totai ( T s ~ T oo ) (0.035486 m 2 )(108 - 22)°C 


4.92 W/m 2 .°C 
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9-58E A heat sink with equally spaced rectangular fins is to be used to cool a hot surface. The optimum fin 
spacing and the rate of heat transfer from the heat sink are to be determined. 

Assumptions 1 Steady operating 
conditions exist. 2 Air is an ideal gas with 
constant properties. 3 The atmospheric 
pressure at that location is 1 atm. 4 The 
thickness t of the fins is very small 
relative to the fin spacing S so that Eqs. 9- 
32 and 9-33 for optimum fin spacing are 
applicable. 

Properties The properties of air at 1 atm 
and 1 atm and the film temperature of 
(r s +roo)/2 = ( 1 80+78)/2= 1 29°F are (Table 
A-15E) 

k = 0.01597 Btu/h.ft.°F 

v = 0.1975xl0 -3 ft 2 /s 
Pr = 0.7217 

1 1 



fi = 


T f (129 + 460) R 


= 0.001698 R 


-l 


Analysis The characteristic length in this case is the fin height, L c = L = 8 in. Then, 

gm - t 2 )l ? 


Ra = 


Pr = 


v 


(32.2 ft/s 2 )(0. 001698 R 1 )(1 80 - 78 R)(8 / 12 ft) 3 
(0.1975xl(T 3 ft 2 /s) 2 


(0.7217) = 3.058x10 


The optimum fin spacing is 


5 = 2.714 


L 


Ra 


1/4 


= 2.714 


8 / 12 ft 


(3.058x10 7 ) 1/4 


= 0.02433 ft = 0.292 in 


The heat transfer coefficient for this optimum spacing case is 

* = 1.307 k - = 1.307 °- 01 ^97 Btu/h. ft. °F = Q ^ ^ ft2 op 
5 0.02433 ft 

The number of fins and the total heat transfer surface area is 
w 6 


n = 


S+t 0.2916 + 0.08 


= 16 fins 


A s = 2nLH + ntL + 2ntH = 2xl6x(8/12ft)(1.2/12ft) 

+ 16 x (0.08/12 ft)(8 /12 ft) + 2xl6x (0.08/12 ft)(l. 2 /12 ft) = 2.226 ft 2 
Then the rate of natural convection heat transfer becomes 

Q = hA s (T s -T 0 0 ) = (0.862 Btu/h.ft 2 .°F)(2.226 ft 2 )(1 80 - 78)°F = 196 Btu/h 
Discussion If the fin height is disregarded, the number of fins and the rate of heat transfer become 
w w 6 

n = = — = = 2 1 fins 

s + t s 0.2916 

4 = 2 nLH = 2 X 2 1 X (8 / 12 ft)( 1 .2/12 ft) = 2.8 ft 2 

Q = hA s (T s -T x ) = (0.8578Btu/h.ft 2 . o F)(2.8ft 2 )(180-78)°F= 245 Btu/h 
Therefore, the fin tip area is significant in this case. 
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9-52 


9-59E EES Prob. 9-58E is reconsidered. The effect of the length of the fins in the vertical direction on the 
optimum fin spacing and the rate of heat transfer by natural convection is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 
w_s=6/1 2 [ft] 

H_s=8/1 2 [ft] 

T_infinity=78 [F] 
t_fin=0.08/1 2 [ft] 

L_fin=8 [in] 

H_fin=1 .2/1 2 [ft] 

T_s=1 80 [F] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_film) 

Pr=Prandtl(Fluid$, T=TJilm) 

rho=Density(Fluid$, T=T_film, P=14.7) 

mu=Viscosity(Fluid$, T=T_film)*Convert(lbm/ft-h, Ibm/ft-s) 

nu=mu/rho 

beta=1/(T_film+460) 

T_film=1 /2*(T_s+T infinity) 

g=32.2 [ft/s A 2] ‘‘gravitational acceleration" 

"ANALYSIS" 

L_fin_ft=L_fin*Convert(in, ft) 
delta=L fin ft 

Ra=(g*beta*(T_s-T_infinity)*delta A 3)/nu A 2*Pr 
S_ft=2.71 4*L_fin_ft/Ra A 0.25 
S=S_ft*Convert(ft, in) 
h=1 .307*k/S_ft 
n fin=w_s/(S_ft+t fin) 

A=2*n_fin*L_fin_ft*H_fin+n_fin*t_fin*L_fin_ft+2*n_fin*t_fin*H_fin 

Q_dot=h*A*(T_s-T_infinity) 


Lfin 

s 

Q 

[in] 

[in] 

[Btu/h] 

2 

0.2183 

104.5 

2.5 

0.2285 

115.3 

3 

0.2375 

125.3 

3.5 

0.2455 

134.7 

4 

0.2529 

143.6 

4.5 

0.2596 

152 

5 

0.2659 

160.1 

5.5 

0.2717 

167.9 

6 

0.2772 

175.4 

6.5 

0.2824 

182.6 

7 

0.2873 

189.6 

7.5 

0.292 

196.3 

8 

0.2964 

202.9 

8.5 

0.3007 

209.3 

9 

0.3048 

215.6 

9.5 

0.3087 

221.7 

10 

0.2183 

104.5 
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Q [Btu/h] 


9-53 


9-60 A heat sink with equally spaced rectangular fins is to be used to cool a hot surface. The optimum fin 
height and the rate of heat transfer from the heat sink are to be determined. 

Assumptions 1 Steady operating 
conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The 
atmospheric pressure at that location 
is 1 atm. 

Properties The properties of air at 1 
atm and 1 atm and the film 
temperature of (T S +T^)I2 = (85+25)/2 
= 55°C are (Table A- 15) 

k = 0.02772 W/m.°C 
v = 1.847 x 10 -5 m 2 /s 


Pr = 0.7215 

/>- 1 


1 



77 (55 + 273)K 


= 0.003049 K 


-1 


Analysis The characteristic length in this case is the height of the surface L c = L = 0.18 m. Then, 
gj3(T s - T X )L 3 


Ra = 


v 


pr = (9.81 m/s 2 )(0. 003049 K -1 )(85 -25 K)(0.18 m) 3 = 2 214x1q7 

(1.847 x 10~ 5 m 2 /s) 2 


The optimum fin spacing is 


5 = 2.714 


L 


Ra 


1/4 


= 2.714 


0.18m 


(2.214x10 7 ) 1/4 


= 0.007 122 m = 7. 122 mm 


The heat transfer coefficient for this optimum fin spacing case is 

h = 1.307 — = 1.307 0-02772 W/m l C = 5.087 W/m 2 .°C 
5 0.007122 m 

The criteria for optimum fin height H in the literature is given by H - y]hA c / pk (not in the text) where 
AJp = t ! 2 for rectangular fins. Therefore, 


H = 


ht (5.087 W/m .°C)(0.001 m) 


2k 


= 0.00379 m 


2x (177 W/m.°C) 

The number of fins and the total heat transfer surface area is 
w w 0.15 


n = 


= 21 fins 


S+t s 0.007122 

A s = 2 nLH = 2 x 2 1 x (0. 1 8 m)(0.00379 m) = 0.02865 m 
Then the rate of natural convection heat transfer becomes 


Q = hA s (T s —T x ) = (5.087 W/m 2 . o C)(0.02865 m 2 )(85 - 25)°C = 8.75 W 
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9-54 


Natural Convection inside Enclosures 

9-61C We would recommend putting the hot fluid into the upper compartment of the container. In this case 
no convection currents will develop in the enclosure since the lighter (hot) fluid will always be on top of 
the heavier (cold) fluid. 


9-62C We would disagree with this recommendation since the air space introduces some thermal resistance 
to heat transfer. The thermal resistance of air space will be zero only when the convection coefficient 
approaches infinity, which is never the case. However, when the air space is eliminated, so is its thermal 
resistance. 


9-63C Yes, dividing the air space into two compartments will retard air motion in the air space, and thus 
slow down heat transfer by natural convection. The vinyl sheet will also act as a radiation shield and reduce 
heat transfer by radiation. 


9-64C The effective thermal conductivity of an enclosure represents the enhancement on heat transfer as 
result of convection currents relative to conduction. The ratio of the effective thermal conductivity to the 
ordinary thermal conductivity yields Nusselt number Nu - k e jj / k . 


9-65 Conduction thermal resistance of a medium 
is expressed as R = L/(M) . Thermal resistance 

of a rectangular enclosure can be expressed by 
replacing L with characteristic length of 
enclosure L c , and thermal conductivity Jc with 
effective thermal conductivity k e jj to give 

R = L C !{k ej jA) - L c /( kNuA ) 
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9-55 


9-66 The U-factors for the center-of-glass section of a double-pane window and a triple-pane window are 
to be determined. Also, the percentage decrease in total heat transfer when triple-pane window is used is to 
be estimated. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 The thermal resistance of glass sheets is negligible. 


Properties The thermal conductivity of air space is given to be 0.025 W/m*°C. 


Analysis The convection heat transfer coefficient of the 
air space is determined from 


Konv = - Nu = Q '° 25 W/m - - ° C (1.2) = 2 W/m 2 .°C 
conv L 0.015 m 


Noting that the radiation across the air space is of the 
same magnitude as the convection, the combined heat 
transfer coefficient of the space is 

^ space =^conv + ^rad = 2/i conv = 2(2 W/m 2 ,°C) = 4 W/m 2 ,°C 

Disregarding the thermal resistance of glass sheets, which 
are small, the U-factor for the center region of a double 
pane window is determined from 



U 


double 


h: h c 


1 


1111 


space 


h. 


6 4 25 


+ U 


double 


2.190 W/m 2 .°C 


Noting that there are two air spaces, the U-factor for triple-pane window is 


^ triple 


h ■ h h 

i space space 


h. 


1111 
—+—+—+ — 
6 4 4 25 


* U iripie = 1 -41 5 W/m 2 .°C 


Considering that about 70 percent of total heat transfer through a window is due to center-of-glass section, 
the percentage decrease in total heat transfer when triple-pane window is used in place of double-pane 
window is 


% Decrease = (0.70) 


U 


double 


u 


-U t rinie 9 1 90 - 1 415 

— = (0.70) — = (0.70)(0.354) = 0.248 = 24.8% 


double 


2.190 


That is, triple-pane window decreases the heat transfer through the center region by 35.4 percent while the 
decrease for the entire window is 24.8 percent. The use of triple-pane window is usually not justified 
economically except for extremely cold regions. 
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9-56 


9-67 Two glasses of a double pane window are maintained at specified temperatures. The fraction of heat 
transferred through the enclosure by radiation is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The air pressure in the enclosure is 1 atm. 

Properties The properties of air at 1 atm and the average temperature 
of (r,+r 2 )/2 = (280+336)/2 = 308 K = 35°C are (Table A-15E) 

k = 0.02625 W/m.°C 

v = 1.655 x 10 -5 m 2 /s 
Pr = 0.7268 

B = — = — — = 0.003247 K 1 
T f 308 K 

Analysis The characteristic length in this case is the distance 
between the two glasses, L c = L — 0.4 m. Then, 



Ra L = 


8fi(Xi ~ T 2)K 


Pr = 


V 


(9.8 1 m/s 2 )(0. 003247 K 4 )(336 - 280 K)(0.4 m ) 3 
(1.655xl0 -5 m 2 /s ) 2 


(0.7268) = 3.029 x 10' 


The aspect ratio of the geometry is H/L = 1. 5/0.4 = 3.75. For this value of H/L the Nusselt number can be 
determined from 


Nu = 0.22 


Pr 
0.2 + Pr 


Ra 


0-28 r H \ _ i/4 
kLj 


= 0.22 


0.7268 


0.2 + 0.7268 


(3.029x10") 


\°- 28 / L5 \- 1/4 


0.4 


= 35.00 


Then, 

A s =HxW = (1.5 m)(3 m) = 4.5 m 2 

g conv = kNuA s 1 ‘ ~ Tl = (0.02625 W/m.°C)(35.00)(4.5 ft 2 ) (336 ~ 280 + = 578 9 w 

L 0.4 m 

The effective emissivity is 

— = — + - — 1 = — + — 1 = 6.778 = 0.1475 

£ eff e x 0.15 0.90 


The rate of heat transfer by radiation is 
Grad “ ^eff ^s G ^\ ~^2 ) 

= (0. 1475)(4.5 m 2 )(5.67 x 10 " 8 W/m 2 .K 4 )[(336 K ) 4 - (280 K ) ' 4 ] = 248.4 W 


Then the fraction of heat transferred through the enclosure by radiation becomes 



Grad 

Gconv Grad 


248.4 

578.9 + 248.4 


0.30 
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9-57 


9-68E Two glasses of a double pane window are maintained at specified temperatures. The rate of heat 
transfer through the window by natural convection and radiation, and the R-value of insulation are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The air pressure in the enclosure is 1 atm. 

Air • 

Properties The properties of air at 1 atm and the average temperature Q 

of (T x +T 2 )I2 = (65+40)/2 = 52.5°F are (Table A-15E) “ ■■■■■■■■ 


k = 0.01415 Btu/h.ft.°F 

v = 0.1548x 10 -3 ft 2 /s 
Pr = 0.7332 


65°F 


40°F 


L =1 in 


T f (52.5 + 460) R 


= 0.001951 R 


H = 4 ft 


Analysis ( a ) The characteristic length in this case is the distance 
between the two glasses, L c = L= 1 in. Then, 


Ra L = 


§m - T 2 )L\ 


Pr = 


(32.2ft/s 2 )(0.001951R+(65-40R)(l/12ft) 3 
(0.1548xlCT 3 ft 2 /s) 2 


(0.7332) = 27,824 


The aspect ratio of the geometry is H/L = 4x12/1 =48 (which is a little over 40, but still close enough for 
an approximate analysis). For these values of H/L and Ra L , the Nusselt number can be determined from 


( H \ 

Nu = 0A2Ra l/4 Pr 0 ’ 012 — = 0.42(27,824) 1/4 (0.7332) a012 


1/12 ft 


= 1.692 


Then, 


A s = H xW = (4 ft)(6 ft) = 24 ft 2 

Q = kNuA , T> ~ Tl = (0.01415 Btu/h.ft.°F)(l ,692)(24 ft 2 ) (65 ~ 40) F =172.4 Btu/h 
s L (l/12)ft 

( b ) The rate of heat transfer by radiation is 
Qmd =SAM T 1 4 ~ T 2 4 ) 

= (0.82)(24 ft 2 )(0. 1 7 1 4 x 1 0“ 8 Btu/h.ft 2 .R 4 )[(65 + 460 R) 4 - ( 40 + 460 R ) 4 ] = 454.3 Btu/h 
Then the total rate of heat transfer is 


Q total Q 


total convection ' ^ rad 


+ q = 172.4 + 454.3 = 626.7 Btu/h 


Then the effective thermal conductivity of the air, which also accounts for the radiation effect and the R- 
value become 


Q total k ejf 


Ti-T 2 


k eff ~ 


QL _ (626.7 Btu/h)(l / 12 ft) 
A, (T x - T 2 ) (24 ft 2 )(65 - 40)°F 


= 0.08704 Btu/h.ft.°F 


(1/12 ft) 

0.08704 Btu/h. ft.°F 


= 0.957 h.ft z .°F/Btu = R-0.96 
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9-69E EES Prob. 9-68E is reconsidered. The effect of the air gap thickness on the rates of heat transfer by 
natural convection and radiation, and the R- value of insulation is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

H=4 [ft] 

W=6 [ft] 

L=1 [in] 

T_1 =65 [F] 

T_2=40 [F] 
epsilon_eff=0.82 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_ave) 

Pr=Prandtl(Fluid$, T=T_ave) 

rho=Density(Fluid$, T=T_ave, P=14.7) 

mu=Viscosity(Fluid$, T=T_ave)*Convert(lbm/ft-h, Ibm/ft-s) 

nu=mu/rho 

beta=1/(T_ave+460) 

T_ave=1/2*(T_1 +T_2) 
g=32.2 [ft/s A 2] 

sigma=0.1 714E-8 [Btu/h-ft A 2-R A 4] 

"ANALYSIS" 

L_ft=L*Convert(in, ft) 

Ra=(g*beta*(T_1 -T_2)*L_ft A 3)/nu A 2*Pr 
Ratio=H/L_ft 

Nusselt=0.42*Ra A 0.25*Pr A 0.012*(H/L_ft) A (-0.3) 

A=H*W 

Q_dot_conv=k*Nusselt*A*(T_1 -T_2)/L_ft 

Q_dot_rad=epsilon_eff*A*sigma*((T_1+460) A 4-(T_2+460) A 4) 

Q_dot_total=Q_dot_conv+Q_dot_rad 

Q_dot_total=k_eff*A*(T_1-T_2)/L_ft 

R_val ue=L_ft/k_eff 


L [in] 

Qconv [Btu/h] 

Qrad [Btu/h] 

R-value 

[h.ft 2 .F/Btu] 

0.2 

159.1 

454.3 

0.9781 

0.3 

162.3 

454.3 

0.973 

0.4 

164.7 

454.3 

0.9693 

0.5 

166.5 

454.3 

0.9664 

0.6 

168.1 

454.3 

0.964 

0.7 

169.4 

454.3 

0.962 

0.8 

170.5 

454.3 

0.9603 

0.9 

171.5 

454.3 

0.9587 

1 

172.4 

454.3 

0.9573 

1.1 

173.2 

454.3 

0.9561 

1.2 

174 

454.3 

0.9549 

1.3 

174.7 

454.3 

0.9539 

1.4 

175.3 

454.3 

0.9529 

1.5 

175.9 

454.3 

0.952 
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rad [Btu/h] Q conv [Btu/h] 


9-59 


1.6 

176.5 

454.3 

0.9511 

1.7 

177 

454.3 

0.9503 

1.8 

177.5 

454.3 

0.9496 

1.9 

178 

454.3 

0.9488 

2 

178.5 

454.3 

0.9481 



0 


460 


458 - 


456 - 


454 - 


452 - 


450 
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9-60 


9-70 Two surfaces of a spherical enclosure are maintained at specified temperatures. The rate of heat 
transfer through the enclosure is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The air 
pressure in the enclusure is 1 atm. 

Properties The properties of air at 1 atm and the average temperature 
of (T x +T 2 )I2 = (350+275)72 = 312.5 K = 39.5°C are (Table A- 15) 



15 cm 
350 K 


xio 5 


The effective thermal conductivity is 
Lph = 


0.05 m 


(£>,£> 0 ) 4 (£>,. + D a [(0.15 m)(0.25 m)] 4 [(0.15 m)' 7/5 + (0.25 m)' 7/5 

\ 1/4 


-7/5x5 


= 0.005900 


&eff = 0.74k 


Pr 


0.861 + Pr 


1/4 


= 0.74(0.02658 W/m.°C) 


i F s P h R a ) 

0.7256 


X 1 / 4 r 


0.861 + 0.7256 

\ / 

Then the rate of heat transfer between the spheres becomes 


(0.00590)(7.415xl0") 


1/4 


= 0.1315 W/m.°C 


Q=k Q f f7T 


D_ / 

v L c j 


(T: -T n ) = (0.1315 W/m.°C)^- 


(0.15 m)(0.25 m) 
(0.05 m) 


(350-275)K = 23.3 W 
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9-71 EES Prob. 9-70 is reconsidered. The rate of natural convection heat transfer as a function of the hot 
surface temperature of the sphere is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D_1=0.15 [m] 

D_2=0.25 [m] 

T_1 =350 [K] 

T_2=275 [K] 

"PROPERTIES" 

Fluid$='air' 

k=Conductivity(Fluid$, T=T_ave) 

Pr=Prandtl(Fluid$, T=T_ave) 

rho=Density(Fluid$, T=T_ave, P=101.3) 

mu=Viscosity(Fluid$, T=T_ave) 

nu=mu/rho 

beta=1/T_ave 

T_ave=1/2*(T_1 +T_2) 

g=9.807 [m/s A 2] 

"ANALYSIS" 

L=(D_2-D_1 )/2 

Ra=(g*beta*(T_1 -T_2)*L A 3)/nu A 2*Pr 
F_sph=L/((D_1 *D_2) A 4*(D_1 A (-7/5)+D_2 A (-7/5)) A 5) 
k_eff=0.74*k*(Pr/(0.861 +Pr)) A 0.25*(F_sph*Ra) A 0.25 
Q_dot=k_eff*pi*(D_1 *D_2)/L*(T_1 -T_2) 


Ti [K] 

Q [W] 

300 

6.038 

310 

9.147 

320 

12.46 

330 

15.93 

340 

19.53 

350 

23.25 

360 

27.05 

370 

30.94 

380 

34.9 

390 

38.93 

400 

43.01 

410 

47.15 

420 

51.33 

430 

55.55 

440 

59.81 

450 

64.11 

460 

68.44 

470 

72.8 

480 

77.19 

490 

81.61 

500 

86.05 
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9-62 


9-72 The absorber plate and the glass cover of a flat-plate solar collector are maintained at specified 
temperatures. The rate of heat loss from the absorber plate by natural convection is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Heat loss 
by radiation is negligible. 4 The air pressure in the enclusure is 1 atm. 

Properties The properties of air at 1 atm and the average temperature Absorber 

of (T x +T 2 )I2 = (80+40)/2 = 60°C are (Table A- 15) 
k = 0.02808 W/m.°C 


Plate 

80°C 


v = 1.896 xlO -5 m 2 /s 


Pr = 0.7202 

P = 1 


1 


77 (60 + 273)K 


= 0.003003 K 


-1 


Analysis For 6 = 0° , we have horizontal 
rectangular enclosure. The characteristic length 
in this case is the distance between the two 
glasses L c - L - 0.025 m Then, 

3 /r\ 01 /„ 2 



Solar \ 
radiation 

V 


-1 


= tm -72 )JL Pr = (9-8 1 m/s ")(0. 003003 K ' )(80 - 40 K)(0.025 m) = 3 , 6g9 x lp 4 


V 


Nu = 1 + 1.44 


= 1 + 1.44 


(1.896xl0“ 5 m 2 /s) 2 


1708 


n + 


Ra 


+ 


Ra 


1/3 


i + 


18 


1708 


-i + 


3.689xl0‘ 


+ 


(3.689x10 4 ) 1/3 

18 


-i + 


= 3.223 


Then 


A, =HxW = (1.5 m)(3m) = 4.5 m 


Q = kNuA , 


t x -t 2 

L 


= (0.02808 W/m.°C)(3.223)(4.5 m z ) 


2 (80-40)°C 


0.025 m 


652 W 


For 0 = 30° , we obtain 

1708 


Nu = 1 + 1.44 


= 1 + 1.44 


1 


1 


Ra cos 0 


1708(sin 1.8<9) 
Ra cos 6 


1.6 


+ 


(Ra cos 6) 


1/3 


-i + 


18 


1708 

+ 

1 1708[sin( 1.8x30)]* 6 

_i_ 

(3.689 x10 4 )cos(30) 

1/3 

1 

(3.689 x10 4 )cos(30) 


(3.689 x10 4 )cos(30) 


18 

i 


= 3.074 
Q = kNuA , 


?l Tl = (0.02808 W/m.°C)(3.074)(4.5 m 2 ) (8 ° 4Q) C = 621 W 


L 0.025 m 

For 0 = 90° , we have vertical rectangular enclosure. The Nusselt number for this geometry and orientation 
can be determined from (Ra = 3.689x1 0 4 - same as that for horizontal case) 


Nu = 0.42Ra 1/4 Pr 0 ' 012 


^-°' 3 


= 0.42(3.689 x 10 4 ) 1/4 (0.7202) 0012 


' 2m 


0.025 m 


= 1.557 


Q = kNuA s T ' Tl = (0.02808 W/m.°C)(1.557)(4.5 m 2 ) (8 ° 4Q) C =315 W 
L 0.025 m 

Discussion Caution is advised for the vertical case since the condition H/L < 40 is not satisfied. 
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9-73 A simple solar collector is built by placing a clear plastic tube around a garden hose. The rate of heat 
loss from the water in the hose per meter of its length by natural convection is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Heat loss 
by radiation is negligible. 3 The air pressure in the enclosure is 1 atm. 

Properties The properties of air at 1 atm and the anticipated average temperature of (7j+r o )/2 = (65+35)/2 
= 50°C are (Table A- 15) 


k = 0.02735 W/m.°C 

v = 1.798x 10 -5 m 2 /s 
Pr = 0.7228 

fi = — = = 0.003096 K' 1 

T f (50 + 273)K 


Analysis We assume the plastic tube temperature to be 35 °C. 
We will check this assumption later, and repeat calculations, 
if necessary. The characteristic length in this case is 


r D () -D i 5-1.6 ^ 

L„ = = 1.7 cm 


Plastic cover 



Plastic cover, 



Then, 

Ra _ m T, -TJLl P[ , (9.8lm/s 2 )(0.003096 K ')(65-35 K)(0.0I7 in) 3 . ^ 

v 2 (1.798xl0~ 5 m 2 /s) 2 


The effective thermal conductivity is 

[ln(D 0 / Dj)] 4 


F cyl = 


[ln(0.05/ 0.016)]' 


L i c (D i 3/5 +D a 3/5 ) 5 (0.017 m) 3 [(0.016 m)' 3/5 + (0.05 m)' 3/5 f 

\ 1/4 


= 0.1821 


k eff = 0.386k 


Pr 


0.861 + Pr^ 

= 0.386(0.02735 W/m.°C) 


(^cylRa ) I/4 
f 0.7228 


\ 1/4 


V 


0.861 + 0.7228^ 
Then the rate of heat transfer between the cylinders becomes 


[(0. 1821)(1 0,000)] 1/4 = 0.05670 W/m.°C 


<2 = 


2 ^eff _ ^ , 2^(0.05670 W/m.°C) 


In (D 0 !D i ) 


(T,-T n ) = 


ln(0.05/0.016) 


(65 -T 0 ) (Eq. 1) 


Now we will calculate heat transfer from plastic tube to the ambient air by natural convection. Note that we 
should find a result close to the value we have already calculated since in steady operation they must be 
equal to each other. Also note that we neglect radiation heat transfer. We will use the same assumption for 
the plastic tube temperature (i.e., 35°C). The properties of air at 1 atm and the film temperature of 
T avg =(T S +7^)72 = (35 + 26) / 2 = 30.5°C are 


k = 0.02592 W/m.°C, v=1.613xl0~ 5 m 2 /s, 

Pr = 0.7281, and/? = 1/7^ = l/(30.5 + 273)K = 0.003295 K' 1 

The characteristic length in this case is the outer diameter of the solar collector L c = D„ = 0.05 m Then, 

Ra= -Tcc)Dq pr _ (9.81m/s 2 )( 0 . 00 3295K -1 )(35-26K)(0.05m) 3 =1 Q18xlQ 5 

v 2 (1.613xl0 -5 m 2 /s) 2 
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Nu = { 


c 

n 6 4-_ 

0.387 Ra 116 


2 

v 


■*' 

0.387(1. 018x10 5 ) 1/6 

U.U i 

1 + (0.559 /Pr) 9/16 

8/27 

1 1 

O. U i 

1 + (0.559/ 0.728 1) 9/16 

8/27 


= 7.838 


A 0 = 7rD 0 L = ;r(0.05 m)(l m) = 0.1571 m 2 
K = ^Nu = 0-02592 W/m.°C ag3g) = ^3 ^2 


D 


0.05 m 


Q = hA a <T 0 - T v ) = (4.063 W/m 2 .°C)(0.1571 m 2 )(T n - 26)°C (Eq. 2) 

Solving Eq. 1 and Eq. 2 simultaneously, we find 
T a = 38.8°C, 2 = 8.18W 

Repeating the calculations at the new average temperature for enclosure analysis and at the new film 
temperature for convection at the outer surface analysis using the new calculated temperature 38.8°C, we 
find 


T a = 39.0°C, Q = 8.22 W 
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9-74 EES Prob. 9-73 is reconsidered. The rate of heat loss from the water by natural convection as a 
function of the ambient air temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D_1 =0.01 6 [m] 

D_2=0.05 [m] 

T_1 =65 "[C]" 

T_infinity=26 [C] 

Length=1 [m] “unit length of the tube is considered" 

"PROPERTIES for enclosure" 

Fluid$='air' 

k_1 =Conductivity(Fluid$, T=T_ave) 

Pr_1=Prandtl(Fluid$, T=T_ave) 
rho_1=Density(Fluid$, T=T_ave, P=1 01 .3) 
mu_1=Viscosity(Fluid$, T=T_ave) 
nu_1=mu_1/rho_1 
beta_1=1/(T_ave+273) 

T_ave=1/2*(T_1 +T_2) 
g=9.807 [m/s A 2] 

"ANALYSIS for enclosure" 

L=(D_2-D_1 )/2 

Ra_1 =(g*beta_1 *(T_1 -T_2)*L A 3)/nu_1 A 2*Pr_1 
F_cyl=(ln(D_2/D_1 )) A 4/(L A 3*(D_1 A (-3/5)+D_2 A (-3/5)) A 5) 
k_eff=0.386*k_1 *(Pr_1 /(0.861 +Pr_1 )) A 0.25*(F_cyl*Ra_1 ) A 0.25 
Q_dot=(2*pi*k_eff)/ln(D_2/D_1 )*(T_1 -T_2) 

"PROPERTIES for convection on the outer surface" 
k_2=Conductivity(Fluid$, T=T_film) 

Pr_2=Prandtl(Fluid$, T=T_film) 
rho_2=Density(Fluid$, T=T_film, P=1 01 .3) 
mu_2=Viscosity(Fluid$, T=T_film) 
nu_2=mu_2/rho_2 
beta_2=1/(T_film+273) 

T_film=1/2*(T_2+T_infinity) 

"ANALYSIS for convection on the outer surface" 
delta=D_2 

Ra_2=(g*beta_2*(T_2-T_infinity)*delta A 3)/nu_2 A 2*Pr_2 

Nusselt=(0.6+(0.387*Ra_2 A (1/6))/(1 +(0.559/Pr_2) A (9/16)) A (8/27)) A 2 

h=k_2/delta*Nusselt 

A=pi*D_2*Length 

Q_dot=h*A*(T_2-T_infinity) 
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9-75 A double pane window with an air gap is considered. The rate of heat transfer through the window by 
natural convection the temperature of the outer glass layer are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The air 
pressure in the enclosure is 1 atm. 4 Radiation heat transfer is neglected. 

Properties For natural convection between the inner surface of the window and the room air, the properties 
of air at 1 atm and the film temperature of = (18+26)/2 = 22°C are (Table A- 15) 

k = 0.02529 W/m.°C 


v = 1.534x 10“ 5 m 2 /s 
Pr = 0.7304 

/? = — = = 0.00339 K 1 

T f (22 + 273)K 

For natural convection between the two glass sheets separated by 
an air gap, the properties of air at 1 atm and the anticipated 
average temperature of (ri+r 2 )/2 = (18+0)/2 = 9°C are (Table A- 
15) 

k = 0.02431 W/m.°C, v = 1.417xl(T 5 m 2 /s 

Pr = 0.7339, /? = — = = 0.003546 K 1 

T f (9 + 273)K 



Analysis We first calculate the natural convection heat transfer 
between the room air and the inner surface of the window. 

L C =H = 1.3 m 

Ra = +^-f+" 3 p r j9.81^s 2 )(0.00339K+(26-18)K(l. 3m ) 3 =m3xl0 

v 2 (1.534xl0~ 5 m 2 /s) 2 


^ 2 


^ 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


-.8/27 


> = < 


0.825 + 


0. 387(1. 813xl0 9 ) 176 


1 + 


0.492 

0.7304 


\ 9/ 16 


n8/27 


= 148.3 


h = 4 Nu = 0-02529 W/m.-C 8 _ , 

H 1.3m 


A s = H xW = (1.3 m)(2.8 m) = 3.64 m 2 

e c0 nv = hA s (T^ -T s ) = (2.884 W/m 2 .°C)(3.64 m 2 )(26 - 1 8)°C = 84.0 W 

Next, we consider the natural convection between the two glass sheets separated by an air gap. 

L ( - L - 2.2 cm 

Ra = g m-T 2 )L\ = (9.81 m/s 2 )(0. 003546 K -1 )(18 -0)K(0.022 m) 3 (Q ^ = ^ 
v 2 (1.417 xl0~ 5 m 2 /s) 2 


Nu = 0.42Ra 1/4 Pr 0012 




= 0.42(24,370) 1/4 (0.7339)' 0012 


1.3 m 


x-0.3 


= 1.538 


0.022 m 

/ 

Under steady operation, the rate of heat transfer between the room air and the inner surface of the window 
is equal to the heat transfer through the air gap. Setting these two equal to each other we obtain the 
temperature of the outer glass sheet 


Q = kNuA , 


T \ ~ T 2 


(18 — T )°C 

->84 W = (0.02431 W/m.°C)(l .538X3.64 m 2 ) 2> 


>77 = 4.4°C 


L 0.022 m 

which is sufficiently close to the assumed temperature 0°C. Therefore, there is no need to repeat the 
calculations. 
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9-76 The space between the two concentric cylinders is filled with water or air. The rate of heat transfer 
from the outer cylinder to the inner cylinder by natural convection is to be determined for both cases. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The air 
pressure in the enclosure is 1 atm. 4 Heat transfer by radiation is negligible. 

Properties The properties of water air at the average temperature of (T[+T 0 )/2 = (54+106)/2 =80°C are 
(Table A-9) 



Pr = 0.7154 

P = — = = 0.002833 K" 1 

T f (80 + 273)K 


Analysis (a) The fluid is water: 

, D 0 -D i _ 65-55 
— — 


= 5 cm. 


Ra = 


gP(T a -T t )L c 


Pr = 


v 


(9.81 m/s 2 )(0.653xl0~ 3 K~ 1 )(106-54)K(0.05 m) 3 
(3.653xl0“ 7 m 2 /s) 2 


(2.22) = 6.927 x 10' 


The effective thermal conductivity is 



4 

. 0.65 m 

°i _ 


0.55 m 


r 

r 3 / rv —3/ 5 —3/ 5 \ 5 -i 7 /c 7 /c 

L A D i + D o ) (0.05 m) 3 [(0.55 m)' 7/5 + (0.65 m) _7/5 


= 0.04136 


k eff =0.386/: 


Pr 


0.861 + Pr 


= 0.386(0.670 W/m.°C) 


(F cy iRa) 

2.22 


1/4 


\ 1 / 4 r 


v 0.861 + 2 . 22 , 

Then the rate of heat transfer between the cylinders becomes 


(0.04136)(6.927xl0") 


1/4 


= 17.43 W/m.°C 


Q = (T 0 -T t )= 2 ^ (17 ;^T /m ' C) (1 06 - 54) = 34,090 W = 34.1 kW 


In 


D 




In 


0.65 m 
0.55 m 


( b ) The fluid is air: 


= g ft(T e -ml pr = (9.81 m/s 2 )(0. 002833 K -1 )(106-5 4 )K(0.05 m) 3 (0 _ ? J = 2 _ 939 x 1()S 


V 


(2.097 xl0~ 5 m 2 /s) 2 
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The effective thermal conductivity is 


F cyl = 


I” In 1 

4 

. 0.65 m 

1 n 

D i _ 


0.55 m 


L l (D, 3/5 + D 0 3/5 ) 5 (0.05 m) 3 [(0.55 m)‘ 7/5 + (0.65 m)' 7/5 f 

\ 1/4 


k eff =0.386/: 


Pr 


(^cyl Ra ) 


1/4 


0.861 + Pr 

\ / 

= 0.386(002953 W/m.°C) 

Then the rate of heat transfer between the cylinders becomes 


f 0.7154 

1/4 

1 0.861 + 0.7154; 



(0.04136)(2.939xl0 


C -ggnr. - m - 2jl ° " m ° C) (106 - 54) - 192 W 


In 


D 


vA j 


In 


0.65 m 
0.55 m 


0.04136 


)] 1/4 = 0.09824 W/m.°C 
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Combined Natural and Forced Convection 

9-77 C In combined natural and forced convection, the natural convection is negligible when 
Gr/Re 2 < 0.1 . Otherwise it is not. 

9-78C In assisting or transverse flows, natural convection enhances forced convection heat transfer while 
in opposing flow it hurts forced convection. 

9-79C When neither natural nor forced convection is negligible, it is not correct to calculate each 
separately and to add them to determine the total convection heat transfer. Instead, the correlation 

I n n V /,? 

combined — \Nu f orce( j + Nu na t ura i J 
based on the experimental studies should be used. 


9-80 A vertical plate in air is considered. The forced motion velocity above which natural convection heat 
transfer from the plate is negligible is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with — 
constant properties. 3 The atmospheric pressure at that location is 1 atm. 

Properties The properties of air at 1 atm and 1 atm and the film 
temperature of {T^-T^)!2 = (85+30)/2 = 57.5°C are (Table A- 15) 


v = 1.872xlCT 5 m 2 /s 


L = 5 m 


P = 


1 


1 


T f (57.5 + 273) K 


= 0.003026 K 


-l 


Analysis The characteristic length is the height of the plate, 
L c — L — 5 m. The Grashof and Reynolds numbers are 


,Plate, 

P = 85°C 


Air 

= 30°C 




gj3(T s -T X )L J (9.8 1 m/s z )(0.003026 K~ 1 )(85 - 30 K)(5 m) 


A A 


Gr = 


Re = 


v 


(1.872xl0“ 5 m 2 /s) 2 


= 5.823x10 


li 


tt 


VL 


v 


V 0 o (5 m) 


1.872xl0 -5 m 2 /s 


= 2.67 x 10 v 


and the forced motion velocity above which natural convection heat transfer from this plate is negligible is 


Gr 

Re 2 


= 0.1 


5.823x10 


li 


(2.67 xlO 5 V) 2 


= 0.1 


= 9.04 m/s 
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9-81 EES Prob. 9-80 is reconsidered. The forced motion velocity above which natural convection heat 
transfer is negligible as a function of the plate temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


9-71 


"GIVEN" 

L=5 [m] 

T_s=85 [C] 

T_infinity=30 [C] 

"PROPERTIES" 

Fluid$='air' 

rho=Density(Fluid$, T=T_film, P=101.3) 
mu=Viscosity(Fluid$, T=T_film) 
nu=mu/rho 
beta=1/(T_film+273) 

T_film=1 /2*(T s+T infinity) 

g=9.807 [m/s A 2] 

"ANALYSIS" 

Gr=(g*beta*(T_s-T_infinity)*L A 3)/nu A 2 

Re=(Vel*L)/nu 

Gr/Re A 2=0.1 


T s [Cl 

Vel [m/s] 

50 

5.598 

55 

6.233 

60 

6.801 

65 

7.318 

70 

7.793 

75 

8.233 

80 

8.646 

85 

9.033 

90 

9.4 

95 

9.747 

100 

10.08 

105 

10.39 

110 

10.69 

115 

10.98 

120 

11.26 

125 

11.53 

130 

11.79 

135 

12.03 

140 

12.27 

145 

12.51 

150 

12.73 
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9-82 A vertical plate in water is considered. The forced motion velocity above which natural convection 
heat transfer from the plate is negligible is to be determined. _ 

Assumptions 1 Steady operating conditions exist. 

Properties The properties of water at the film temperature 
of (7Vf 7^)72 = (60+25)72 = 42.5°C are (Table A-9) 


v = fi/p = 0.630x10 6 m^/s 
P = 0.396xl(T 3 K 1 

Analysis The characteristic length is the height of the plate 
L c = L = 5 m. The Grashof and Reynolds numbers are 


L = 5 m 


Cj gp(T s - T x )L' (9.81 m/s" )(0. 396 x!0~ 3 K 1 )(60-25 K)(5 m) j <| 13 


-1 


Plate, 

n = 60°c 


Water 
= 25 °C 


v 


(0.630 xlO' 6 m 2 /s) 2 


^ ^ ^ ^ ^ 


Re = ^ 

V 


V(5 m) 


0.630xl0" 6 m 2 /s 


= 7.94x10 v 


and the forced motion velocity above which natural convection heat transfer from this plate is negligible is 


Gr 

Re 2 


= 0.1 


4.28x10 


13 


(7.94xl0 6 V) 2 


= 0.1 


+ V = 2.61 m/s 


9-83 Thin square plates coming out of the oven in a production facility are cooled by blowing ambient air 
horizontally parallel to their surfaces. The air velocity above which the natural convection effects on heat 
transfer are negligible is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air 
is an ideal gas with constant properties. 3 The 
atmospheric pressure at that location is 1 atm. 

Properties The properties of air at 1 atm and 1 atm 
and the film temperature of (r s +7T)/2 = (270+1 8)/2 = 
144°C are (Table A- 15) 

v = 2.791 xl(T 5 m 2 /s 

P = — = = 0.002398 K' 1 

T f (144 + 273)K 

Analysis The characteristic length is the height of the plate 
L c = L = 2 m. The Grashof and Reynolds numbers are 



2 m 


g/3(T s -Tn)V (9.81 m/s z )(0. 002398 K _1 )(270- 18 K)(2 m) 


Gr = 


Re = 


v 


(2.791xl0“ 5 m 2 /s) 2 


= 6.09x10 


10 


VL 


v 


V(2m) 


2.791xl0~ 5 m 2 /s 


= 7.166x10 V 


and the forced motion velocity above which natural convection heat transfer from this plate is negligible is 


Gr 

Re 2 


= 0.1 


6.09x10 


10 


(7.166x10 4 T) 2 


= 0.1 


■»V = 10.9 m/s 
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pcb, r s 

100x0.05 W 


9-84 A circuit board is cooled by a fan that blows air upwards. The average temperature on the surface of 
the circuit board is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The atmospheric pressure at that location is 
1 atm. 

Properties The properties of air at 1 atm and 1 atm and the anticipated 
film temperature of ( T s -\-T^)/2 = (60+35)/2 = 47.5°C are (Table A- 15) 
k= 0.02717 W/m.°C 


L = 12 cm 


v = 1.774xl0 -5 m 2 /s 


Pr = 0.7235 

P = 1 


1 


T f (47.5 + 273)K 


= 0.00312 K 


-l 



Air 

T„ = 35°C 
V = 0.5 m/s 


A A 


ft 


Analysis We assume the surface temperature to be 60°C. We will check this assumption later on and repeat 
calculations with a better assumption, if necessary. The characteristic length in this case is the length of the 
board in the flow (vertical) direction, L c = L = 0.12 m. Then the Reynolds number becomes 

„ VL (0.5 m/s)(0.12 m) 

Re = — = — - — = 3383 

v 1.774xl0 -5 m 2 /s 

which is less than critical Reynolds number ( 5 x 10 5 ). Therefore the flow is laminar and the forced 
convection Nusselt number and h are determined from 

Nu = — = 0.664 Re 0 ' 5 Pr 1/3 = 0.664(3383) 05 (0.7235) 173 =34.67 
k 

h = — Nu = 0 - 02717W/m -° C (34.67) = 7.85 W/m 2 ,°C 
L 0.12m 


A s = LxW = (0.12 m)(0. 2 m) = 0.024 m 

Q 


Then, Q = hA (T -T^) 


+ T S -T^ + 


hA. 


= 35°C + 


(100)(0.05 W) 


(7.85 W/m 2 ,°C)(0.024 m 2 ) 


61.5°C 


which is sufficiently close to the assumed value in the evaluation of properties. Therefore, there is no need 
to repeat calculations. 

(b) The Rayleigh number is 

Ra = pr = f 9. 8 i m /s^) ro .003i2K-y60-35 KW .12m)> = 3M , „ 


V 


(1.774xl0 -5 m 2 /s) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


X 9/16 


— 1 8 / 27 


> =< 


0.825 + 


0.387(3.041x 10 6 ) 176 


1 + 


0.492 

0.7235 


x 9/16 


— 1 8 / 27 


This is an assisting flow and the combined Nusselt number is determined from 
Nu 


''combined 


= (Nu forced n +Nu natural n ) Vn = (34.67 3 + 22.42 3 ) 1/3 = 37.55 


Then, h = yNu combined = 0 ' Q271 ^ W/m '° C (37.55) = 8.502 W/m 2 .°C 
L 0.12m 


and 


Q = hA s (T s -T 00 ) 




Q 


hA. 


= 35°C + 


(100)(0.05 W) 


= 22.42 


(8.502 W/m 2 .°C)(0.024 m 2 ) 


59.5°C 


Therefore, natural convection lowers the surface temperature in this case by about 2°C. 
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Special Topic: Heat Transfer through Windows 


9-85C Windows are considered in three regions when analyzing heat transfer through them because the 
structure and properties of the frame are quite different than those of the glazing. As a result, heat transfer 
through the frame and the edge section of the glazing adjacent to the frame is two-dimensional. Even in the 
absence of solar radiation and air infiltration, heat transfer through the windows is more complicated than it 
appears to be. Therefore, it is customary to consider the windows in three regions when analyzing heat 
transfer through them: (1) the center- of- glass, (2) the edge-of- glass, and (3) the frame regions. When the 
heat transfer coefficient for all three regions are known, the overall U-value of the window is determined 
from 


^window (^center Center ^edge^edge ^ frame Aframe) ^ -^window 


where A window is the window area, and A cen ter, A ec ige, and A frame are the areas of the center, edge, and frame 
sections of the window, respectively, and U cen ter , U e(ige , and £/ frame are the heat transfer coefficients for the 
center, edge, and frame sections of the window. 


9-86C Of the three similar double pane windows with air gab widths of 5, 10, and 20 mm, the U-factor and 
thus the rate of heat transfer through the window will be a minimum for the window with 10-mm air gab, 
as can be seen from Fig. 9-37. 


9-87C In an ordinary double pane window, about half of the heat transfer is by radiation. A practical way 
of reducing the radiation component of heat transfer is to reduce the emissivity of glass surfaces by coating 
them with low-emissivity (or “low-e”) material. 


9-88C When a thin polyester film is used to divide the 20-mm wide air of a double pane window space 
into two 10-mm wide layers, both ( a ) convection and ( b ) radiation heat transfer through the window will 
be reduced. 


9-89C When a double pane window whose air space is flashed and filled with argon gas, (a) convection 
heat transfer will be reduced but ( b ) radiation heat transfer through the window will remain the same. 


9-90C The heat transfer rate through the glazing of a double pane window is higher at the edge section 
than it is at the center section because of the two-dimensional effects due to heat transfer through the 
frame. 


9-91C The 17-factors of windows with aluminum frames will be highest because of the higher conductivity 
of aluminum. The U-factors of wood and vinyl frames are comparable in magnitude. 
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9-92 The U-factor for the center-of-glass section of a double pane window is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 The thermal resistance of glass sheets is negligible. 

Properties The emissivity of clear glass is given to be 0.84. The 

values of h x and h Q for winter design conditions are h x = 8.29 W/m 2 .°C ^ Glass 

and h Q = 34.0 W/m 2 .°C (from the text). 

Analysis Disregarding the thermal resistance of glass sheets, 
which are small, the U-factor for the center region of a 
double pane window is determined from 

1 ^ 1 1 J_ 

TJ h- h h 

^ center L i "space o 

where /+, h sp ace , and h 0 are the heat transfer coefficients at the 
inner surface of window, the air space between the glass layers, 
and the outer surface of the window, respectively. The effective 
emissivity of the air space of the double pane window is 



^effective 


1 


l/^j+1/^2 - ! 


= 0.72 

1/0.84 + 1/0.84-1 


For this value of emissivity and an average air space temperature of 10°C with a temperature difference 
across the air space to be 15°C, we read h m ce = 5.7 W/m“.°C from Table 9-3 for 13-mm thick air space. 
Therefore, 


1 


1 


1 


U 


center 


8.29 5.7 34.0 


^center = 3.07 W/lTl * °C 


Discussion The overall U-factor of the window will be higher because of the edge effects of the frame. 
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9-93 The rate of heat loss through a double-door wood framed window and the inner surface temperature 
are to be determined for the cases of single pane, double pane, and low-e triple pane windows. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


Properties The U-factors of the windows are given in Table 9-6. 

Analysis The rate of heat transfer through the window can be determined from 


^window ^overalf^window ^ o ) 


where T x and T 0 are the indoor and outdoor air temperatures, 
respectively, U owe ra ii is the U-factor (the overall heat transfer 
coefficient) of the window, and A window is the window area which 
is determined to be 


4 window = Height X Width = (1 .2 m)( 1 .8 m) = 2. 1 6 m 2 


The U-factors for the three cases can be determined directly from 
Table 9-6 to be 5.57, 2.86, and 1.46 W/m 2 .°C, respectively. Also, 
the inner surface temperature of the window glass can be 
determined from Newton’s law, 


^window W ^window ^glass) 


aT — T 

' M glass 1 i 


Q 


window 


h A 

/ window 


Double-door 

window Wood frame 



where h x is the heat transfer coefficient on the inner surface of the window which is determined from Table 
9-5 to be h x = 8.3 W/m .°C. Then the rate of heat loss and the interior glass temperature for each case are 
determined as follows: 

(a) Single glazing: 

Gwindow = (5-57 W/m 2 • °C)(2. 16 m 2 )[20 - (-8)°C] = 337 W 


T —T 

glass / 


^window 

h A 

' *’/•'*■ window 


= 20°C 


337 W 

(8.29 W/m 2 - °C)(2.16m 2 ) 


1.2°C 


(b) Double glazing (13 mm air space): 

e window = (2.86 W/m 2 • °C)(2. 1 6 m 2 )[20 - (-8)°C] = 1 73 W 


T 

1 glass 



G 


window 


Mw 


indow 


20°C 


173 W 

(8.29 W/m 2 •°C)(2.16m 2 ) 


10.3°C 


(c) Triple glazing (13 mm air space, low-e coated): 

G window =(1-46 W/m 2 - o C)(2.16m 2 )[20-(-8) o C] = 88.3 W 


T 

glass 



6 window _ oq 88.3 W 

M > rtubw (8.3 W/m 2 .°C)(2.16m 2 ) 


15.1°C 


Discussion Note that heat loss through the window will be reduced by 49 percent in the case of double 
glazing and by 74 percent in the case of triple glazing relative to the single glazing case. Also, in the case 
of single glazing, the low inner glass surface temperature will cause considerable discomfort in the 
occupants because of the excessive heat loss from the body by radiation. It is raised from 1.2°C to 10.3°C 
in the case of double glazing and to 15.1°C in the case of triple glazing. 
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9-94 The overall U-factor for a double-door type window is to be determined, and the result is to be 
compared to the value listed in Table 9-6. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 


Properties The U-factors for the various sections of 
windows are given in Table 9-6. 

Analysis The areas of the window, the glazing, 
and the frame are 

^window = Height X Width = (2 m)(2.4 m) = 4.80 m 2 
A giazin g = 2 X Height x Width = 2(1 .92 m)( 1 . 14 m) = 4. 38 m 2 

^ frame = ^window ~ ^glazing = 4.80 - 4.38 = 0.42 ITT 

The edge-of-glass region consists of a 6.5-cm wide 
band around the perimeter of the glazings, and the 
areas of the center and edge sections of the glazing 
are determined to be 



A center = 2(Height x Width) = 2(1 .92 - 0. 1 3 m) ( 1 . 1 4 - 0. 1 3 m) = 3 .62 m 2 

-^edge — ^glazing — -^center — 4.38 — 3.62 — 0.76 m 


1.14m 1.14m 

- 2.4 m - 


• • • 2 
The U-factor for the frame section is determined from Table 9-4 to be Uf rame = 2.8 W/m .°C. The U-factor 

for the center and edge sections are determined from Table 9-6 to be U cen ter = 2.78 W/m'.°C and U e dge=3.40 

W/nT.°C. Then the overall U-factor of the entire window becomes 


^window (^center A:enter ^edgeAsdge Uframe Uframe) ^ -^window 

= (2.78 x 3.62 + 3.40 x 0.76 + 2.8 x 0.42) / 4.80 

= 2.88 W/m 2 °C 


• • # # m . # # 2 

Discussion The overall U-factor listed in Table 9-6 for the specified type of window is 2.86 W/nT.°C, 
which is sufficiently close to the value obtained above. 


9-95 The windows of a house in Atlanta are of double door type with wood frames and metal spacers. The 
average rate of heat loss through the windows in winter is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


Properties The U-factor of the window is given in Table 9-6 to be 2.13 W/nr.°C. 

Analysis The rate of heat transfer through the window can be 
determined from 


Wood 


V////////A 


^window, avg ^overall ^window ^o.avg ) 

where T x and T 0 are the indoor and outdoor air temperatures, 
respectively, U overa ii is the U-factor (the overall heat transfer coefficient) 
of the window, and A window is the window area. Substituting, 

window, avg = (2. 1 3 W/m 2 .°C)(14 m 2 )(22 - 1 1.3)°c = 31 9 W 

Discussion This is the “average” rate of heat transfer through the 
window in winter in the absence of any infiltration. 


22°C 


Reflective\ 


T~ 

Meta 


Air 


12.7 mm 


1 1.3°C 


Y////////A 
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9-96E The R - value of the common double door windows that are double pane with 1/4-in of air space and 
have aluminum frames is to be compared to the /?-value of R-13 wall. It is also to be determined if more 
heat is transferred through the windows or the walls. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


Properties The U-factor of the window is given in Table 9-6 to be 4.55x0.176 = 0.801 Btu/h.ft 2 .°F. 


Analysis The R-v alue of the windows is simply the inverse of its 
17-factor, and is determined to be 


R 


window 


1 

u 


= 1.25 h-ft 2 .°F/Btu 

0.801 Btu/h- ft .°F 


which is less than 13. Therefore, the /lvalue of a double pane 
window is much less than the R-v alue of an /?- 1 3 wall. 

Now consider a 1 -ft section of a wall. The solid wall 
and the window areas of this section are A wa n = 0.8 ft and 
window = 0.2 ft . Then the rates of heat transfer through the two 
sections are determined to be 



Gwall - ^ wall Avail T 0 ) - Av all 


T; -77 


R - value, wall 


= (0.8 ft 2 ) 


AT(°F) 


(13h.ft .F/Btu 


= 0.06 15 AT Btu/h 


2 window window Avindow( r / ^ o ) “ ^window „ ' ! -(0.2ft 2 ) 2 orm - 0. 160AT Btu/h 

R- value (1.25 h.ft“.°F/Btu 

Therefore, the rate of heat transfer through a double pane window is much more than the rate of heat 
transfer through an R-13 wall. 

Discussion The ratio of heat transfer through the wall and through the window is 

2 window = 0-1 60 Btu/h = ^ ^ 

2 wall 0.0615 Btu/h 

Therefore, 2.6 times more heat is lost through the windows than through the walls although the windows 
occupy only 20% of the wall area. 
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rTti • • • O • • , 

9-97 The overall U-factor of a window is given to be U = 2.76 W/m .°C for 12 km/h winds outside. The 
new U-factor when the wind velocity outside is doubled is to be determined. 

Assumptions Thermal properties of the windows and the heat transfer coefficients are constant. 

Properties The heat transfer coefficients at the outer surface of the window are h Q = 22.7 W/m .°C for 12 
km/h winds, and h 0 = 34.0 W/m 2 .°C for 24 km/h winds (from the text). 

Analysis The corresponding convection resistances for the 
outer surfaces of the window are 


R 


1 


1 


o, 1 2 km/h 


h 


R 


o, 1 2 km/h 

1 


22.7 W/m 2 . °C 
1 


o, 24 km/h 


= 0.044 m 2 .°C/W 


= 0.029 m 2 .°C/W 


Inside 


k,, 24 km/h 34.0 W/m 2 .°C 
Also, the R - value of the window at 12 km/h winds is 


D 

iV window, 12 km/h 


1 


1 


^ window, 1 2 km/h 


2.76 W/m 2 .°C 


= 0.362 m 2 .°C/W 



Outside 


12 km/h or 
24 km/h 


Noting that all thermal resistances are in series, the thermal resistance of the window for 24 km/h winds is 
determined by replacing the convection resistance for 12 km/h winds by the one for 24 km/h: 

^window, 24 km/h = ^window, 12 km/h ~^o,12km/h + ^o,24km/h “ 0.362 - 0.044 + 0.029 = 0.347 m 2 .°C/W 
Then the U-factor for the case of 24 km/h winds becomes 


^ window, 24 km/h 


^window, 24 km/h 0.347 m 7 .°C/W 


= 2.88 W/m 2 .°C 


Discussion Note that doubling of the wind velocity increases the U-factor only slightly ( about 4%) from 
2.76 to 2.88 W/m 2 .°C. 
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9-98 The existing wood framed single pane windows of an older house in Wichita are to be replaced by 
double-door type vinyl framed double pane windows with an air space of 6.4 mm. The amount of money 
the new windows will save the home owner per month is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


• *2 
Properties The U-factors of the windows are 5.57 W/m .°C 

for the old single pane windows, and 3.20 W/m .°C. for the 

new double pane windows (Table 9-6). 

Analysis The rate of heat transfer through the window can be 
determined from 


^window ^overall^window(-^/ 


where T x and T 0 are the indoor and outdoor air temperatures, 
respectively, £/ overa ii is the U-factor (the overall heat transfer 
coefficient) of the window, and A window is the window area. Noting 
that the heaters will turn on only when the outdoor temperature 
drops below 18°C, the rates of heat transfer due to electric heating 
for the old and new windows are determined to be 




^window, old = (5-57 W/m 2 .°CX17 m 2 )(18-7.1)°C = 1032 W 
^window, new = (3 .20 W/m 2 ,°C)( 1 7 m 2 X 1 8 - 7. 1 )°C = 593 W 
6saved = 2 window, old ~2window,new = 1032-593 = 439 W 


Double 

pane 



Then the electrical energy and cost savings per month becomes 
Energy savings = <2 saved Af = (0.439 kW)(30x 24 h/month) = 316 kWh/month 

Cost savings = (Energy savings)(Unit cost of energy) = (316 kWh/month) ($0. 085/kWh) = $26.9/month 


Discussion We would obtain the same result if we used the actual indoor temperature (probably 22°C) for 
T x instead of the balance point temperature of 18°C. 
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Review Problems 


9-99 A cold cylinder is placed horizontally in hot air. The rates of heat transfer from the stack with and 
without wind cases are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of {T s +T^)/2 = (40+10)/2 = 25°C are 
(Table A- 15) 

k = 0.02551 W/m.°C 

Air ' 7;=io°C 

v = 1.562xl0 -5 m 2 /s roo = 40°C 

Pr - 0.7296 "~ 

1 



fi = 


1 


D = 10 cm 


T f (25 + 273)K 


= 0.003356 K 


-l 


L= 10m 


Analysis {a) When the stack is exposed to 10 m/s winds, the heat transfer will be by forced convection. We 
have flow of air over a cylinder and the heat transfer rate is determined as follows: 


Re= ra = (10 m/s)(0.1m) =64(|2(| 

V 1.562xl0 -5 m/s 

Nu = 0.027 Re 0-805 Pr 1/3 = 0.027(64, 020) a805 (0.7296) 1/3 =179.8 

h = — Nu = 0,02551 W/m - ° C ( 17 9.8) = 45.87 W/m 2 .°C 
D 0.1m 


(from Table 7-1) 


C forced conv = hA(T x ~T,) = (45.87 W/m 2 ,°C ){x x 0. lx 10 m 2 )(40 - 10)°C = 4323 W 

(b) Without wind the heat transfer will be by natural convection. The characteristic length in this case is the 
outer diameter of the cylinder, L = D = 0.1 m.Then, 


^ = 8 PV„-T,)D> pr = (9.81 m/s" )(0. 003356 K -1 )(40- 10 K)(0. 1 m) = 2 _ 953 x 1Q « 


V 


(1.562x 10 -5 m 2 /s) 2 


Nu = 


0.6 


OMIRa 


i/« 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0.387(2.953 x 10 6 ) 1/6 


1 + (0.559/ 0.7296) 


9/16 


8/27 


= 19.86 


h _k Nu _ 0.02551 W/m. °C /ino „ 
D 0.1m 


(19.86) = 5.066 W/m 2 .°C 


Q 


nat. conv 


= hA(T x -T.) = (5.066 W/m 2 ,°C x 0. 1 x 1 0 m 2 )(40 - 1 0)°C = 477 W 
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9-100 A spherical vessel is completely submerged in a large water-filled tank. The rates of heat transfer 
from the vessel by natural convection, conduction, and forced convection are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature is constant. 

Properties The properties of water at the film temperature of ( Tp-T^/2 = (30+20)/2 = 25 °C are (Table A-9) 

p = 997 kg/m 3 

k = 0.607 W/m.°C r s = 30°C 

p = 0.89 lxlO -3 kg/m-s 

v = ju/p = 8.937 xlO -7 m 2 /s 
Pr = 6.14 

/? = 0.247 xlO -3 K" 1 

Analysis {a) Heat transfer in this case will be by natural convection. 

The characteristic length in this case is L c = D = 0.3 m. Then, 

fla = g /?(n-r,)O% r = (9- 8 l.^ ; )(0247xl0-=K-')(30-20K)(03 m )-’ (614|-s029xl0 » 



V 


(8.937 x 10~ 7 m z /s Y 
0.5g 9 (5.029xl0^r 


Nu — 2 + t 


0.589 Ra 


1/4 


1 + (0.469 /Pr) 


9/16 


4/9 


l + (0.469/6.14) 


9/16 


4/9 


Then 


h - Nil 0,607 W/m ' ° C ox _ on, ni .ir/-2 o, 

D 0.3 m 


(144.8) = 293.0 W/m 2 .°C 


A s =t£> 2 = ;r(0.3 m) 2 = 0.2827 m 2 


The rate of heat transfer is 

finat.conv = hA(T, -T n ) = (293.0 W/m 2 .°C)(0.2827 m 2 )(30-20)°C = 828 W 

(b) When buoyancy force is neglected, there will be no convection currents (since p = 0) and the heat 
transfer will be by conduction. Then Rayleigh number becomes zero (Ra = 0). The Nusselt number in this 
case is 

Nu = 2 

Then 


h = — Nu 
D 


0.607 W/m.°C 
0.3 m 


( 2 ) 


4.047 W/m 2 .°C 


gcond = hA(T s -T„) = (4.047 W/m 2 .°C)(0.2827 m 2 )(30 - 20)°C = 1 1 .4 W 

(c) In this case, the heat transfer from the vessel is by forced convection. The properties of water at the free 
stream temperature of 20°C are (Table A-9) 

p = 998 kg/m 3 
k = 0.598 W/m.°C 
=1.002xl0 -3 kg/m.s 
v - p rX} I p = 1.004 xlO" 6 m 2 /s 
^,@ 30 °c = 0-798 xl0- 3 kg/m.s 
Pr = 7.01 
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The Reynolds number is 


Re =KD= (0.2m/s)(0.3m) = 
V 1.004x 10 -6 m 2 /s 


The Nusselt number is 


Nu= — = 2 + 
k 


0.4 Re 0 ' 5 + 0.06 Re 2/3 


' Pr °' 4 

8 


KMs ) 


1/4 


= 2 + [ o . 4 ( 59 , 760) 0 ' 5 + 0 . 06 ( 59 , 760) 2 73 ]( 7 . 0 1 ) 
The heat transfer coefficient is 


0.4 


1.002x10 

0.798x10 


-3 A 


-3 


1/4 


= 439.1 


* = Am, = 0.598 W/m.°C = ^ w/m ^ c 
D 0.3 m 


The rate of heat transfer is 

ftbrcedconv = hA(T s -T x ) = (875.3 W/m 2 . °C)(0.2827 m 2 )(30-20)°C =2474 W 
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9-101 A vertical cylindrical vessel looses heat to the surrounding air. The rates of heat transfer from the 
vessel with and without wind cases are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film 
temperature of (r s +7T)/2 = (60+0)/2 = 30°C are (Table A- 15) 

k = 0.02588 W/m.°C 


v = 1.608x 10 -5 m 2 /s 


Pr = 0.7282 

e- 1 


1 


T f (30 + 273)K 


= 0.003300 K 


-l 


Air 

7T = 0°C 


L = 3 m 


Analysis (a) When there is no wind heat transfer is by natural 
convection. The characteristic length in this case is the height 
of the vessel, L c =L= 3 m. Then, 



P = 60°C 


Ra = 


gp(T s -TJL 


Pr = 


v 


(9.81m/s 2 )(0.003300K~ 1 )(60-0K)(3 m) 
(1.608xl0 -5 m 2 /s) 2 


(0.7282) = 1.477x10 


11 


We can treat this vertical cylinder as a vertical plate since 
35L 35(3) 


Gr 1/4 (1.477 x 10 11 /0.7282) 1/4 

The Nusselt number is determined from 


= 0.156 <1.0 and thus D > 


35 L 


Gr 


1/4 


Nu = 0.1Ra l/3 =0.1(1.477xl0 n ) 1/3 =528.6 


(from Table 9-1) 


Then 


h = — Nu = 
L, 


0.02588 W/m,°C 
3 m 


(528.6) = 4.560 W/m 2 .°C 


and 


Q = hA(T - T x ) = (4.560 W/m 2 ,°C ){tt x 1 x 3 m 2 )(60 - 0)°C = 2579 W 


(b) When the vessel is exposed to 20 km/h winds, the heat transfer will be by forced convection. We have 
flow of air over a cylinder and the heat transfer rate is determined as follows: 

jP = (20xl00/ 3 600m/s)(1.0 m) = s 


V 


1.608xl0“ 5 m 2 /s 


Nu =0.027 Re 0 ' 805 Pr 1/3 = 0.027(3.455 x 10 3 ) U ' 8U3 (0.7282) 1/j = 698.1 (from Table 7-1) 

h = — Nu = 0,02588 W/m '° C (698. 1) =18.07 W/m 2 ,°C 
D 1.0m 

Q = hA(T s -T x ) = (1 8.07 W/m 2 ,°C x 1 x 3 m 2 )(60 - 0)°C = 1 0,220 W 
Discussion There is about four-fold increase in heat transfer due to winds. 


1/3 
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9-102 A solid sphere is completely submerged in a large pool of oil. The rates of heat transfer from the 
sphere by natural convection, conduction, and forced convection are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The surface temperature is constant. 

Properties The properties of oil are given in problem statement. 

Analysis ( a ) For conduction heat transfer, /? = 0 q-j 

and Ra = 0. Then the Nusselt number is 
Nu = 2 

Then 


T s = 60°C 


7T = 20°C 


/._ k Nu _ °- 22 W/m. °C „ op 2 o, 
D 0.5 m 


(2) = 0.88 W/m 2 .°C 



gcond = hA(T s -T ao ) = ( 0.88 W/m 2 ,°C )[n x (0.5 m) 2 ](60 - 20)°C = 27.6 W 

( b ) In this case, the heat transfer from the vessel is by forced convection. Note that the fluid properties in 
this case are to be evaluated at the free stream temperature T «> except for ju s , which is evaluated at the 
surface temperature, T s . The Prandtl number and Reynolds number are 


Pr = 


pc p (0.010 kg/m • s)( 1 880 J/kg • °C) 


k 


0.22 W/m • °C 


= 85.45 


Re = VDp = (1-5 m/s)(0.5m)( 888 kg/m ) = ^ 6Q() 


P 

The Nusselt number is 
hD ^ 

Nu = = 2 + 

k 


0.010 kg/m- s 


0.4Re°' 5 + 0.06Re 2/3 


Pr 0 ' 4 

f \ 

Aoo 


v As j 


1/4 


= 2 + [ o . 4 ( 66 , 600)°- 5 + 0 . 06 ( 66 , 600) 2/3 ]( 85 . 45 ) 
The heat transfer coefficient is 

"° r (1506) = 662.4 W/m VC 


0.4 


0.010 

0.004 


1/4 


= 1506 


h = — Nu = 022 W/m - ° C - — ^ , » 7 2 

D 0.5 m 


The rate of heat transfer is 

C/forced conv = W, -T x ) = (662.4 W/m 2 .°C)[^ x (0.5 m) 2 ](60 - 20)°C = 20,81 0 W 

(c) Heat transfer in this case will be by natural convection. Note that the fluid properties in this case are to 
be evaluated at the film temperature of 40°C. The characteristic length in this case is L c = D = 0.5 m. Then, 


Ra = § m I T s )D l pr _ (9.81 m/s z )(0. 00070 K" 1 )(60- 20 K)(0.5 m) = 3 _ 522xl()1 o 


V 


(0.007 /876m 2 /s) 2 


where 

Then 


P°p _ (0.007 kg/m -s)( 1965 J/kg -°C) 

X A w/ • 


k 


Nu = 2 + t 


0.21 W/m -°C 


0.589 Ra 


1/4 


1 + (0.469 /Pr) 


9/16 


4/9 


= 0.589(3.522xl0 l 'V /4 


1 + ( 0 . 469 / 65 . 5 ) 


9/16 


4/9 


h —Nu 021 W/m ' ° C ^ 2 

D 0.5 m 


(250.4) = 105.2 W/m 2 .°C 


0nat.conv = W, ~T a „) = (105.2 W/m 2 .°C)[^ X (0.5 m) 2 ](60 - 20)°C = 3304 W 

Discussion The heat transfer from the sphere by forced convection is much greater than that by natural 
convection and the heat transfer by natural convection is much greater than that by conduction. 
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9-103E A small cylindrical resistor mounted on the lower part of a vertical circuit board. The approximate 
surface temperature of the resistor is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Radiation effects are negligible. 5 Heat transfer through the connecting 
wires is negligible. 


Properties The properties of air at 1 atm and the 
anticipated film temperature of {T s +T^)/2 = 
(220+120)/2 = 170°F are (Table A-15E) 

k = 0.01692 Btu/h.ft.°F 
v = 0.222 xlCT 3 fit 2 /s 
Pr = 0.7161 

P = — = = 0.001587 R" 1 

T f (170 + 460)R 


Air 



Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 220°F for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. 
The characteristic length in this case is the diameter of resistor, L c = D = 0.2 in. Then, 


Ra - 


g/KT-TJD 


Pr = 


v 


(32.2 ft/s 2 )(0.001587 R 1 )(220 - 120 R)(0.2 / 12 ft) 3 
(0.222 xlO" 3 ft 2 /s) 2 


(0.7161) = 343.8 


Nu = 


0.6 


0.387 Ra 


1/6 


1 + (0.559 /Pr) 


9/16 


8/27 


> = ■< 


0.6 + t 


0.387(343.8) 


1/6 


l + (0.559/0.716l) 9/16 
(2.105) = 2.138 Btu/h.ft 2 .°F 


8/27 


= 2.105 


, k 0.01692 Btu/h.ft.°F nr2o 

h = —N U = noD,,/UA/ o 

D 0.2 /12 ft 

A = nDL + 2^D 2 / 4 = ^-(0.2 / 12 ft)(0.3 / 12 ft) + 2^(0.2 / 12 ft) 2 / 4 = 0.00175 ft 2 


and 


Q = hA s (T s -T,,) >T S = T r 


Q 120 o F| (0. IX 3.412) Btu/h 

hA s (2. 1 38 Btu/h.ft 2 ,°F)(0.00 1 75 ft 2 ) 


= 211°F 


which is sufficiently close to the assumed temperature for the evaluation of properties. Therefore, there is 
no need to repeat calculations. 
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9-104 An ice chest filled with ice at 0°C is exposed to ambient air. The time it will take for the ice in the 
chest to melt completely is to be determined for natural and forced convection cases. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Heat 
transfer from the base of the ice chest is disregarded. 4 Radiation effects are negligible. 5 Heat transfer 
coefficient is the same for all surfaces considered. 6 The local atmospheric pressure is 1 atm. 


Properties The properties of air at 1 atm and the 
anticipated film temperature of (T s +T^)/2 = 
(15+20)/2 = 17.5°C are (Table A-15) 

k = 0.02495 W/m.°C 
v = 1.493x 10 -5 m 2 /s 
Pr = 0.7316 

B = — = = 0.003442 K 1 

T f (17.5 + 273)K 


Air, T x = 20°C 



30 cm 


Analysis The solution of this problem requires a trial-and-error approach since the determination of the 
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We 
start the solution process by “guessing” the surface temperature to be 15°C for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. 
The characteristic length for the side surfaces is the height of the chest, L c = L = 0.3 m Then, 


Ra = 


g(3(T x -T s )L 


V 


Pr = (9' 81 2 )(0- 003442 K " 1 )(20 -15 K)(0.3 m ) 3 ) = L495x1q7 

(1.493 xlO -5 m 2 /s ) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


/ 0.492 n9/16 

Pr 


n 8/27 


> = < 


0.825 + 


0.387(1.495x10 ) 


7x1/6 


1 + 


r 0.492 ^ 9/16 
0.7316 


-i8/27 


= 35.15 


h = —Nu = 0,02495 w/m -° c (35 i 5 ) _ 2.923 W/m 2 .°C 
L 0.3 m 


The heat transfer coefficient at the top surface can be determined similarly. However, the top surface 
constitutes only about one-fourth of the heat transfer area, and thus we can use the heat transfer coefficient 
for the side surfaces for the top surface also for simplicity. The heat transfer surface area is 

A s = 4(0.3 m)(0.4 m) + (0.4 m)(0.4 m) = 0.64 m 2 

Then the rate of heat transfer becomes 


0 = 


T -T 

J 00 ± s,l 


D I D 

^ wall ' ^ conv ,o 


T -T 

^ co ± S,l 

~l r 

+ 


(20- 0)°C 


0.03 m 


= 10.23 W 


kA s hA s (0.033 W/m.°C)(0.64m 2 ) (2.923 W/m 2 .°C)(0.64 m 2 ) 

The outer surface temperature of the ice chest is determined from Newton’s law of cooling to be 


Q = hA s (T a -T s )^T s =T 0 0 


Q 


hA, 


= 20°C 


10.23 W 


(2.923 W/m 2 .C)(0.64m 2 ) 


= 14.53°C 


which is almost identical to the assumed value of 15°C used in the evaluation of properties and h. 
Therefore, there is no need to repeat the calculations. 
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The rate at which the ice will melt is 
Q = mhy —>m = 


Q 10.23xl0 -3 kJ/s =3 066x10 -5 kg/s 


k: 


if 


333.7 kJ/kg 


Therefore, the melting of the ice in the chest completely will take 


m = mAt 


t m 

-> At = — = 


30 kg 


m 3.066 xl0“ 5 kg/s 


= 9.786 x 10 s s = 271.8 h = 11.3 days 


(b) The temperature drop across the styrofoam will be much greater in this case than that across thermal 
boundary layer on the surface. Thus we assume outer surface temperature of the styrofoam to be 19 °C . 
Radiation heat transfer will be neglected. The properties of air at 1 atm and the film temperature of 
(Ts+TJ/2 = (19+20)/2 = 19.5°C are (Table A-15) 

k = 0.0251 W/m.°C 
v = 1.51 lxl(T 5 m 2 /s 


Pr = 0.7310 

/>- ' 


1 


T f (19.5 + 273)K 


= 0.00342 K 


-l 


The characteristic length in this case is the width of the chest, L c = W =0.4 m. Then, 
VW (50 x 1 000 / 3600 m/s)(0.4 m) 


Re = 


v 


1.511x10 5 m 2 /s 


= 367,700 


which is less than critical Reynolds number (5 xlO 5 ). Therefore the flow is laminar, and the Nusselt 
number is determined from 


hW 


Nu = — = 0.664Re 05 Pr 1/3 = 0.664(367, 700) u;, (0.7310) 1,J =362.7 


0.5 


1/3 


k 


h _ k Nu _ 0.025 lW/m. °C„„ nt wt / 2 

W 0.4 m 


(362.7) = 22.76 W/m 2 .°C 


Then the rate of heat transfer becomes 

Q = 


T -T 

± CO ± S,l 


T -T 

1 co ± s,l 


(20 -0)°C 


D I D 

^ wall ' ^ conv,o 


L 


1 


0.03 m 


= 13.43 W 


kA s hA s (0.033 W/m.°C)(0.64m 2 ) (22.76 W/m 2 .°C)(0.64 m 2 ) 

The outer surface temperature of the ice chest is determined from Newton’s law of cooling to be 


Q - hA s (7^ -T s ) -> T s - 


Q 


hA , 


= 20°C 


13.43 W 


(22.76 W/m 2 .C)(0.64m 2 ) 


= 19.1°C 


which is almost identical to the assumed value of 19°C used in the evaluation of properties and h. 
Therefore, there is no need to repeat the calculations. Then the rate at which the ice will melt becomes 


• . Q 13.43xl0~ 3 kJ/s „ „„„ 5 . , 

Q = mh;j — > m = - — = — „ = 4.025 x 10 5 kg/s 


h; 


if 


333.7 kJ/kg 


Therefore, the melting of the ice in the chest completely will take 


m = mAt 


m 

■> At = — = 


30 


m 4.025x10 


-5 


= 7 .454 xlO 5 s = 207.05 h = 8 . 6 days 
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9-105 An electronic box is cooled internally by a fan blowing air into the enclosure. The fraction of the 
heat lost from the outer surfaces of the electronic box is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Heat 
transfer from the base surface is disregarded. 4 The pressure of air inside the enclosure is 1 atm. 
Properties The properties of air at 1 atm and the film temperature of 
(7VH7T)/ 2 = (32+1 5)/2 = 28.5°C are (Table A- 15) 


k = 0.02577 W/m.°C 

v = 1.594x 10 -5 m 2 /s 
Pr = 0.7286 

t- 1 


Air 

^ =25 °C 


15 cm 


T f (28.5 + 273)K 


= 0.003317 K 


-l 


200 W 
s= 0.75 
P = 32 °C 


m 


cm 


Analysis Heat loss from the horizontal top surface: 

A 

The characteristic length in this case is 8 = — = 


(0.5 m) 


P 2[(0.5 m) + (0.5 m)] 


50 cm 


= 0.125 m . Then, 


Ra = 


gfi(T s -T CX) )L\ 


Pr = 


v 


(9.81 m/s 2 )(0. 0033 17 K' 1 )(32-25K)(0.125m) 3 
(1.594xl0“ 5 m 2 /s) 2 


(0.7286) = 1.275x10' 


and 


Nu = 0.54Ra UA = 0.54(1.275xl0 6 ) 174 =18.15 


h = Nu = 


0.02577 W/m.°C 
0.125 m 


(18.15) = 3.741 W/m 2 .°C 


A top = (0.5 m) 2 = 0.25 m 


Q toP = hA to AT s -T^) = (3.741 W/m 2 .°C)(0.25 m 2 )(32-25)°C = 6.55 W 


■ top "-“-top s 

Heat loss from vertical side surfaces: 

The characteristic length in this case is the height of the boxL c = L =0.15 m. Then, 


Ra = 


gP(T s -T„)V 


Pr = 


v 


(9.8 1 m/s 2 X0.0033 17 K" 1 )(32 - 25 K)(0. 15m) 3 
(1.594xl0" 5 m 2 /s) 2 


(0.7286) = 2.204x10' 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


2 0.492 a9/16 


n8/27 


Pr 


> =< 


0.825 + 


0. 387(2. 204x10 7 ) 1/6 


1 + 


r 0.492 ^ 9/16 


— 1 8 / 27 


h - k Nu _ 0-02577 W/m,° C „ n „ 

L 0.15m 


0.7286 
(20.55) = 3.530 W/m z .°C 


A side = 4(0.15 m)(0.5m) = 0.3 m 
and 

The radiation heat loss is 


Q S ide=hA side (T s -T x ) = (3.530 W/m 2 .°C)(0.3m 2 )(32-25)°C = 7.41 W 


= 20.55 


Qrad = ZAM T s 4 - Tsurr 4 ) 

= (0.75X0.25 + 0.3 m 2 )(5.67xl0 -8 W/m 2 .K 4 )[(32 + 273 K) 4 - (25 + 273 K) 4 ] = 17.95 W 
Then the fraction of the heat loss from the outer surfaces of the box is determined to be 
(6.55 + 7.41 + 17.95) W 


/= 


200 W 


= 0.160 = 16 . 0 % 
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9-106 A spherical tank made of stainless steel is used to store iced water. The rate of heat transfer to the 
iced water and the amount of ice that melts during a 24-h period are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Thermal 
resistance of the tank is negligible. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 
(T s +T„y 2 = (0+20)/2 = 10°C are (Table A- 15) 

k = 0.02439 W/m.°C 


T s = 0°C 


= 20°C 


v = 1.426xl0 -5 m 2 /s 


Pr = 0.7336 

P = 1 


1 


T f 


= 0.003534 K 


-l 


Q 


(10 + 273)K 

Analysis {a) The characteristic length in this case is L c = D 0 = 6.03 m. Then 



1.5 cm 


Ra = 


gP(T aj -T s )D 


l Pr _ (9-81 m/s 2 )(0. 003534 K7 1 )(20 - 0 K)(6.03 m) 3 (Q ?336 ^ _ 5 435x10* 1 


V 


(1.426xl0 -5 m 2 /s) 2 


Nu = 2 + T 


0.589ita 


1/4 


v9 / 1 6 


4/9 


— 2 + T 


0.589(5.485x 10 ) 


1K1/4 


k 


h = Nu = 


1 + (0.469 /Pr) 

0.02439 W/m.°C 


6.03 m 


[l + (0.469 / 0.7336) 9716 
(394.5) = 1.596 W/m 2 .°C 


4/9 


= 394.5 


and 


A s = ttD l = tt(6. 03 m) 2 = 1 14.2 m 


Q = hA. (T x - T ) = (1 .596 W/m 2 ,°C)(1 14.2 m 2 )(20 - 0)°C = 3646 W 


Heat transfer by radiation and the total rate of heat transfer are 

Qrad =a 4 . S ^( r . S 4 ~ T surr A ) 

= (1)(1 14.2 m 2 )(5.67 xlO -8 W/m 2 .K 4 )[(20 + 273 K) 4 -(0 + 273 K) 4 ] = 11,759 W 
Qmtai =3646 + 1 1,759 = 15,404 W = 1 5.4 kW 
( b ) The total amount of heat transfer during a 24-hour period is 

Q = QAt = (15.4 kJ/s)(24h/dayx 3600 s/h) = 1.331xl0 6 kJ/day 
Then the amount of ice that melts during this period becomes 


Q = mhjj > m = 


Q _ 1.331xlQ 6 kJ 
h if ~ 333.7 kJ/kg 


= 3988 kg 
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9-107 A double-pane window consisting of two layers of glass separated by an air space is considered. The 
rate of heat transfer through the window and the temperature of its inner surface are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Radiation 
effects are negligible. 4 The pressure of air inside the enclosure is 1 atm. 

Properties We expect the average temperature of the air gap to be roughly the average of the indoor and 
outdoor temperatures, and evaluate The properties of air at 1 atm and the average temperature of 
(T^+T^yi = (20 +0)/2 = 10°C are (Table A- 15) 

k = 0.02439 W/m.°C 

v = 1.426 xl0~ 5 m 2 /s 
Pr = 0.7336 

1 1 , 20°C 

/3 = — = = 0.003534 K' 1 

T f (10 + 273)K 

Analysis We “guess” the temperature difference across the air gap to be 
15°C = 15 K for use in the Ra relation. The characteristic length in this 
case is the air gap thickness, L c = L = 0.03 m. Then, 

Ra = (9.81 m /s 2 )(0.003534K^)(15K)(0.03 m ) 2 (Q ^ = 5 065xl0 

v 2 (1.426x10 5 m 2 /s) 2 


Air 


Q 


wwMmmMmmMmm. 


w 

0°C 


H= 1.2 


Then the Nusselt number and the heat transfer coefficient are determined to be 


Nu =0.42Ra V4 Pr 0012 


3 

v^y 


= 0. 42(5. 065xl0 4 ) 1/4 (0. 7336) 


0.012 


y.2m^ 3 


0.03 m 


= 2.076 


h - * Nu - Q - 02439 W/m > ° C ^ - 1 .00 w^ 2 O, 

L 0.03 m 


air 


(2.076) = 1.688 W/m 2 .°C 


Then the rate of heat transfer through this double pane window is determined to be 
A s = HxW = (1.2 m)(2 m) = 2.4 m 2 


0 = 


T ■ -T 

± GO ,/ OO ,0 


T -T ■ 

oo - 1 s,l 


D D I D I D -j 2^ 1 1 

Ix conv,i ' lx cond , glasses ' Ix conv,air ' Ix conv,o A ^ glass ^1^1 


20-0 


1 2(0.003) 


1 


k glasses h air 


= 65W 


1 


(10)(2.4) (0.78)(2.4) (1.688)(2.4) (25)(2.4) 

Check : The temperature drop across the air gap is determined from 

Q 65 W 


Q = hA AT ^ A T = 


hA s (1.688 W/m 2 .°C)(2.4m 2 ) 


= 16.0°C 


which is very close to the assumed value of 15°C used in the evaluation of the Ra number. 
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9-108 An electric resistance space heater filled with oil is placed against a wall. The power rating of the 
heater and the time it will take for the heater to reach steady operation when it is first turned on are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Heat 
transfer from the back, bottom, and top surfaces are disregarded. 4 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film temperature of 
(Js+roo)/ 2 = (75+25)/2 = 50°C are (Table A- 15) 
k = 0.02735 W/m.°C 


v = 1.798xl0~ 5 m 2 /s 


Pr = 0.7228 

P= 1 


1 


T f 


(50 + 273)K 


= 0.003096 K 


-1 


Analysis Heat transfer from the top and bottom surfaces are 
said to be negligible, and thus the heat transfer area in this case 
consists of the three exposed side surfaces. The characteristic 
length is the height of the box, L c = L = 0.5 m. Then, 



Ra = 


sP(T s -T„)U 


Pr = 


v 


(9.81 m/s 2 )(0. 003096 K' 1 )(75-25 K)(0.5 m) 3 
(1.798x 10 -5 m 2 /s) 2 


(0.7228) = 4.244 xl0 : 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


n 8/27 


> = < 


0.825 + 


0. 387(4. 244x 10 8 ) 1/6 


1 + 


r 0.492 ^ 9/16 


— 1 8 / 27 


0.7228 


= 94.68 


h = * Nu = 0 02735 W,m “ C (94.68) = 5,1 79 W/m ! °C 
L 0.5 m 

A s = (0.5 m)(0.8 m) + 2(0.15 m)(0.5 m) = 0.55 m 2 

and Q = hA s ( T s - T x ) = (5.179 W/m 2 ,°C)(0.55 m 2 )(75 - 25)°C = 142.4 W 
The radiation heat loss is 

Qrad =£ A s°( T s A - T surr 4 ) 

= (0.8)(0.55 m 2 )(5.67xl0~ 8 W/m 2 . K 4 )[(75 + 273 K) 4 - (25 + 273 K) 4 ] = 169.1 W 
Then the total rate of heat transfer, thus the power rating of the heater becomes 
Q total =142.4 + 169.1 = 311.5 W 

The specific heat of the oil at the average temperature of the oil is 2006 J/kg.°C (Table A- 13). Then the 
amount of heat transfer needed to raise the temperature of the oil to the steady operating temperature and 
the time it takes become 

Q = mc p (T 2 - 7’, ) = (45 kg)(2006 J/kg.°C)(75-25)°C = 4.514xl0 6 J 

Q = QAt * At = — = 4,514x10 kJ = 14,490s = 4.03h 

Q 311.5 J/s 

which is not practical. Therefore, the surface temperature of the heater must be allowed to be higher than 
75°C. 
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9-109 A horizontal skylight made of a single layer of glass on the roof of a house is considered. The rate of 
heat loss through the skylight is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 


Properties The properties of air at 1 atm and the anticipated film 
temperature of {T s +T^)/2 = (-4- 1 0)/2 = -7°C are (Table A- 15) 

k = 0.023 1 1 W/m.°C 


v = 1.278xl0 -5 m 2 /s 


Pr = 0.738 
1 


fi = 


T f 


1 

(-7 + 273)K 


= 0.003759 K 


-l 


Skylight 


Outdoors 

r fl0 = - io°c 



t = 0.5 cm 


Analysis We assume radiation heat transfer inside the house to be negligible. We start the calculations by 
“guessing” the glass temperature to be -4°C for the evaluation of the properties and h. We will check the 
accuracy of this guess later and repeat the calculations if necessary. The characteristic length in this case is 

determined from L = — - = - 0.357 m . Then, 

p 2(lm + 2.5m) 


Ra = S P(T x -T 2) L\ ?v = (9.81 m/s 2 )(0. 003759 K' 1 )!^- 4 - (-10) K)(0.357 m) 3 = 


V 


(1.278xl0~ 5 m 2 /s) 2 


Nu=0.l5Ra in =0.15(4.553x10 7 ) 1/3 =53.56 


, k sr 0.0231 1 W/m.°C 2 o, 


L, 


0.357 m 

2 


(53.56) = 3.467 W/m z .°C 


A s = (1 m)(2.5 m) = 2.5 m 


Using the assumed value of glass temperature, the radiation heat transfer coefficient is determined to be 

Kad = £<j ( T s +T sky)( T s 2 +T sky 2 ) 

= 0.9(5. 67xl0 _8 W/m 2 .K 4 )[(-4 + 273) + (-30 + 273)] [(-4 + 273) 2 +(-30 + 273) 2 ]K 3 
= 3.433 W/m 2 .K 

Then the combined convection and radiation heat transfer coefficient outside becomes 

h o, combined = h o+ h rad = 3 - 467 + 3 - 433 = 6 ' 90 W/m2 


Again we take the glass temperature to be -4°C for the evaluation of the properties and h for the inner 
surface of the skylight. The properties of air at 1 atm and the film temperature of Tf — (-4+20)/2 = 8°C are 
(Table A- 15) 

k = 0.02424 W/m.°C 

v = 1.408x 10~ 5 m 2 /s 
Pr = 0.7342 

P = — = = 0.003559 K' 1 

T f (8 + 273)K 

The characteristic length in this case is also 0.357 m. Then, 

Ra = gP(T x - T 2 )L\ pr = (9.81 m/s 2 )(0. 003559 K' 1 )[20 - (-4) K)(0.357 m) 3 = j 412xl() . 

v 2 (1.408xl0- 5 m 2 /s) 2 

Nu = 0.21 Ra v 4 = 0.27(1. 412x10 8 ) 1/4 =29.43 
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h, =±Nu. ° 0 - 4 - 4 W;m ° C (29.43) -1.998 W/m*.X 


L. 


0.357 m 


Using the thermal resistance network, the rate of heat loss through the skylight is determined to be 


0 


T -T 

- 1 S,l CO ,0 


skylight 


R i R I D 

Ix conv,i ' lx cond ,glas ' combined ,o 


(2.5 m 2 )[20-(-10)]°C 


A (T _ T \ 

s V room / 

1 ^ glass 1 

k glass + I 1.998 W/m 2 .°C ' 0.78 W/m.°C ' 6.90W/m 2 .°C 


1 


0.005 m 


1 


= 115 W 


Using the same heat transfer coefficients for simplicity, the rate of heat loss through the roof in the case of 
R-5.34 construction is determined to be 


0 


T • -T 

M S,l O0,0 


roof 


R A - R I _ R 

conv,i ‘ cond ‘ ^ combined ,o 

(T room — Tout) 


(2.5 m 2 )[20-(-10)]°C 


1 


+ R 


1 

+ — 


hi shss h 1.998 W/m 2 .°C 


+ 5.34 m 2 . °C/W + 


1 


= 12.5 W 


6.90 W/m 2 .°C 


Therefore, a house loses 1 15/12.5 = 9 times more heat through the skylights than it does through an 
insulated wall of the same size. 

Using Newton’s law of cooling, the glass temperature corresponding to a heat transfer rate of 1 15 
W is calculated to be -3.3°C, which is sufficiently close to the assumed value of -4°C. Therefore, there is 
no need to repeat the calculations. 
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9-110 A solar collector consists of a horizontal copper tube enclosed in a concentric thin glass tube. Water 
is heated in the tube, and the annular space between the copper and glass tube is filled with air. The rate of 
heat loss from the collector by natural convection is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Radiation 
effects are negligible. 3 The pressure of air in the enclosure is 1 atm. 


Properties The properties of air at 1 atm and the average temperature 


of (ri+r o )/2 = (60+32)/2 = 46°C are (Table A- 15) 
k = 0.02706 W/m.°C 

v = 1.760xl0~ 5 m 2 /s 
Pr = 0.7238 

P= — = = 0.003 135 K' 1 

T f (46 + 273)K 

Analysis The characteristic length in this case is the 
distance between the two cylinders 


Glass cover 


^ T 0 = 32°C 





(9 -5) cm 


= 2 cm 


and, 

= & m-T 0 )Ll ?x _ (9.8! m/s 2 )(0. 003 135 K' 1 )(60-32 K)(0.02 m) 3 = 

k 2 (1.760xl0- 5 m 2 /s) 2 


The effective thermal conductivity is 


F cy\ = 


[" In 1 

4 

", 0.09m" 

D i \ 


0.05 m 


/c eff = 0.386/c 


L l( D i 3/5 +D o 3/5 ) 5 (0.02 m) 3 [(0.05 m)' 7/5 +(0.09 m)' 7/5 1 

Pr 


= 0.1303 


1/4 


0.861 + Pr 


1/4 


= 0.386(0.02706 W/m.°C) 


(F cy iRa) 

0.7238 


\ 1/4 


0.861 + 0.7238 ^ 

Then the heat loss from the collector per meter length of the tube becomes 


[(0.1 303)(16,1 00)] 1/4 = 0.05811 W/m.°C 


Q = 


Ink 


-T o) = 2# °; 8Wm ° C) (60 - 32)°C = 17.4 W 


In 


D 


o 


\ D i J 


111 


0.09 m 
0.05 m 
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9-111 A solar collector consists of a horizontal tube enclosed in a concentric thin glass tube is considered. 
The pump circulating the water fails. The temperature of the aluminum tube when equilibrium is 
established is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal 
gas with constant properties. 3 The local atmospheric pressure is 1 
atm. 


20 W/m 


Properties The properties of air at 1 atm and the 
anticipated film temperature of (T s +T^)/2 = (33+30)/2 
31.5°C are (Table A- 15) 

k = 0.02599 W/m.°C 
v = 1.622x 1CT 5 m 2 /s 
Pr = 0.7278 

1 1 


T x = 30°CyC' _ £ V // / / 


P = 


T f (31.5 + 273)K 


= 0.003284 K 


-1 



Analysis This problem involves heat transfer from the aluminum tube to the glass cover, and from the outer 
surface of the glass cover to the surrounding ambient air. When steady operation is reached, these two heat 
transfers will be equal to the rate of heat gain. That is, 

Qtube-glass ~ Q glass -ambient ~ Q solar gain ~ ^0 W (pci lllCtei length) 

Now we assume the surface temperature of the glass cover to be 33°C. We will check this assumption later 
on, and repeat calculations with a better assumption, if necessary. 

The characteristic length for the outer diameter of the glass cover L c = D 0 =0.07 m. Then, 


Ra = 


gft(T - )D ( 


Pr = 


v 


(9.81 m/s 2 )(0. 003284 K' 1 )(33 - 30 K)(0.07 m) 3 
(1.622 x 10 -5 m 2 /s) 2 


(0.7278) = 91,700 


Nu = 


1 

n i 

0.3877?a 1/6 

> 

2 

0 i 

0.387(91, 700) 1/6 


U.O 1 r 

1 + (0.559 / Pr) 9/I6 

8/27 



1 + (0.559 / 0.7278) 9716 

8/27 


= 7.626 


A s = 7rD 0 L - ;r(0.07 m)(l m) = 0.2199m 


h = 


D. 


Nu = 


0.02599 W/m.°C 
0.07 m 


(7.626) = 2.832 W/m 2 . °C 


and, 


Q com ,=hA s {T s - 7^ ) = (2.832 W/m 2 ,°C)(0.21 99 m 2 )(T glass -30)°C 


The radiation heat loss is 


Qrad = sA s o{T 3 a -T s J) = (1)(0.2 1 99 m 2 )(5.67 x 10‘ 8 W/m 2 .K 4 )[(^ te + 273 K) 4 - (20 + 273 K) 4 


The expression for the total rate of heat transfer is 

Q total — Q conv + Qrad 

2 O f~'\ / A T1AA...2 


20 W = (2.832 W/m .°C)(0.2 1 99 m )(T glass -30)°C 

)[( _£ glass 

Its solution is T glass - 33.34°C , which is sufficiently close to the assumed value of 33°C. 


+ (1)(0.2 1 99 nr 2 )(5 .67 x 1 0 “ 8 W/m 2 .K 4 )|(r , + 273 K) 4 - (20 + 273 K) 4 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


9-97 


Now we will calculate heat transfer through the air layer between aluminum tube and glass cover. We will 
assume the aluminum tube temperature to be 45°C and evaluate properties at the average temperature of 

(: T x +T 0 )/2 = (45+33. 34)/2 = 39.17°C are (Table A- 15) 
k = 0.02656 W/m.°C 

v = 1.694 x 10 -5 m 2 /s 
Pr = 0.7257 

P = — = = 0.003203 K 1 

T f (39.17 + 273)K 

The characteristic length in this case is the distance between the two cylinders, 

L c =(D a - D; ) / 2 = (7 - 5) / 2 cm = 1 cm 

Then, 

Ra = gp(T x -T 2 )L\ pr = (9.81 m/s 2 )(0. 003203 K 1 )(45 -33.34 K)(0.01 m) 3 = 

k 2 (1.694xl0~ 5 m 2 /s) 2 


The effective thermal conductivity is 



i i 

cf 

i i 

4 

" 0.07 m' 

In 

0.05 m 

4 

j 3 / 7-v — 3 / 5 r\ —3 / 5 \ 5 t. 

L c (Di +D 0 ) (0.01m) 3 

(0.05 m)' 3/5 +(0.07m)‘ 3/5 _ 

5 


cyl 


k e{{ = 0.386£ 


= 0.08085 


Pr 


1/4 


0.861 + Pr 


1/4 


= 0.386(0.02656 W/m.°C) 


(F cy iRa) 

0.7257 


1/4 


0.861 + 0.7257 


[(0.08085)(926.5)] 1/4 = 0.02480 W/m.°C 


The heat transfer expression is 


Q = 


2;jk 


eff 




In 


V A j 


C t x -t 2 ) = 


2^(0.02480 W/m.°C) 


In 


r 0.07 m x 
0.05 m 


(Ttube -33.34)°C 


The radiation heat loss is 

A s = 7iD,L = ^-(0.05 m) 2 (1 m) = 0.1571 m 2 

Qrad =£ A M T s 4 - T surr 4 ) 

= (l)(0.1571m 2 )(5.67 xlO -8 W/m 2 .K 4 )[(T lllbe +273 K) 4 -(33.34 + 273 K) 4 
The expression for the total rate of heat transfer is 


Q total Qconv Qrad 

2^(0.02480 W/m.°C) 


20 W = 


In 


0.07 m 
0.05 m 


(T tube -33.34)°C 


+ (1)(0.1571 m )(5.67 x 10 W/m z .K *)\(T tllbe +273 K) -(33.34 + 273 K) 


»[c 


Its solution is T tuhe = 46.3°C , 


which is sufficiently close to the assumed value of 45 °C. Therefore, there is no need to repeat the 
calculations. 
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9-1 12E The components of an electronic device located in a horizontal duct of rectangular cross section is 
cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection and the 
average temperature of the duct are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Radiation effects are negligible. 5 The thermal resistance of the duct is 
negligible. 


Properties The properties of air at 1 atm and the 
anticipated film temperature of (T^-T^/2 = 
(120+80)/2 = 100°F are (Table A-15E) 

k = 0.01529 Btu/h.ft.°F 
v = 0.1809xl0~ 3 ft 2 /s 


Pr = 0.726 


P = \/T f =1/(100 + 460)R = 0.001 786 R 


-1 


Air 



Analysis (a) Using air properties at the average temperature of (85+100))/2 = 92.5°F and 1 atm for the 
forced air, the mass flow rate of air and the heat transfer rate by forced convection are determined to be 

m - pO - (0.071 86 lbm/ft 3 )(22 ft 3 /min) = 1.581 lbm/min 


Q forced = ™ c p( T out ~ T in) = (1-581 x 60 lbm/h)(0.2405 Btu/lbm.°F)(100-85)°F = 342.1 Btu/h 

Noting that radiation heat transfer is negligible, the rest of the 180 W heat generated must be dissipated by 
natural convection, 

Q natural = Q total ~ Q forced = (1 80 X 3 .4 12) - 342. 1 = 272 Btu/h 

(b) We start the calculations by “guessing” the surface temperature to be 120°F for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. 

Horizontal top surface: The characteristic length is L r = — = (4ft)(6/12ft)^ _ 0.2222 ft . Then, 

c P 2(4 ft + 6/12 ft) 

Ra , st>V.- T »rt Pr , ( 3 2-2f</s 2 )(0.001786R~')(120-80R)(0.2222fl) 3 m|() , 

V 2 (0.1809xl0~ 3 ft 2 /s) 2 

Nu = 0.54Ra 1/4 = 0.54(5.599x10 5 ) 1/4 =14.77 


Kop 


k 


Nu = 


0.01529 Btu/h. ft. °F 
0.2222 ft 

2 


(14.77) = 1.016 Btu/h. ft". °F 


A top = (4 ft)(6 / 12 ft) = 2 ft =A 


bottom 


Horizontal bottom surface: The Nusselt number for this geometry and orientation can be determined 
from 

Nu = 0.21Ra 114 = 0.27(5. 599xl0 5 ) 174 =7.386 


h 


bottom 


L, 


Nu = 


0.01529 Btu/h.ft.°F 
0.2222 ft 


(7.386) = 0.5082 Btu/h.ft 2 .°F 


Vertical side surfaces: The characteristic length in this case is the height of the duct, L c = L = 6 in. Then, 

_ (32.2ft/s 2 )(0.001786R~ 1 )(120-80R)(0.5ft) 3 = 63?9>< 1()6 


V 


(0.1809xl0 -3 ft 2 /s) 2 
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Nu = 


0.825 + 


0.387Ra 


i/« 


1 + 


^ 0 . 492 n9/16 

Pr 


-i8/27 


> =< 


0.825 + 


0. 387(6. 379x 10 6 ) 1/6 


1 + 


^ 0 . 492 n9/16 


-.8/27 


= 27.57 


0.726 


hside = —Nu = °- 01529 Btll/h - ft -° F (27,57) = 0.843 Btu/h.ft 2 °F 
L 0.5 ft 

A side = 2(4 ft)(0.5 ft) = 4 ft 2 

Then the total heat loss from the duct can be expressed as 

Q total ~ Qtop + Q bottom Qside ~ [(^0 top + ( hA ) bottom + side — ^oo ) 


Substituting and solving for the surface temperature, 

272 Btu/h =[(1.016x2 + 0.5082 x 2 + 0.843 x 4) Btu/h.°F]( r v - 80)°F 


T s = 122.4°F 

which is sufficiently close to the assumed value of 120°F used in the evaluation of properties and h. 
Therefore, there is no need to repeat the calculations. 
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9-1 13E The components of an electronic system located in a horizontal duct of circular cross section is 
cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection and the 
average temperature of the duct are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Radiation effects are negligible. 5 The thermal resistance of the duct is 
negligible. 


Properties The properties of air at 1 atm and the 
anticipated film temperature of (T s +T 0 c )/2 = 
(150+80)/2 = 1 15°F are (Table A-15E) 

k = 0.0 1564 Btu/h.ft.°F 

v = 0.1895xl0~ 3 ft 2 /s 
Pr = 0.7238 

P = — = = 0.001739 R _1 

T f (115 + 460) R 


Air duct Alr 100°F 



Analysis (a) Using air properties at the average temperature of (85+100))/2 = 92.5 °F and 1 atm for the 
forced air, the mass flow rate of air and the heat transfer rate by forced convection are determined to be 

m — pO - (0.07185 lbm/ft 3 )(22 ft 3 /min) = 1.581 lbm/min 


Q forced = mc p (T out ~ T in ) = (1.581 x 60 lbm/h)( 0.2404 Btu/lbm.°F)(100 -85)°F = 342.1 Btu/h 

Noting that radiation heat transfer is negligible, the rest of the 180 W heat generated must be dissipated by 
natural convection, 

Q natural = Q total ~ Q forced = (1 80 X 3 .4 12) - 342. 1 = 272 Btu/h 


(b) We start the calculations by “guessing” the surface temperature to be 150°F for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. 

The characteristic length in this case is the outer diameter of the duct, L c = D = 4 in. Then, 

Ra = g m~T 2 )D\ _ (32.2ft/ S 2 )(0.001 7 3 9 R' 1 )(150-80R)(4/12ft) 3 = 2 _ 926xl()6 


V 


(0.1895xl0 -3 ft 2 / s) 2 


Nu = 


0 6 + - 

0.387Ra 1/6 

A, 

2 

0 + . 

0.387(2.926 xl0 6 ) 1/6 


1 + (0.559 /Pr) 9/16 

8/27 



1 + (0.559/ 0.7238) 9/16 

8/27 


= 19.79 


h = ^ Nu , 0.01564 BIWh.ft.-F _ Btu/h. ft 2 . °F 

D 4/12 ft 

A s = ttDL = tt( 4/12 ft)(4 ft) = 4. 1 9 ft 2 
Then the surface temperature is determined to be 


Q = hA s (T s -T x ) -> T S =T X + 


Q 


hA, 


= 80°F 


272 Btu/h 


(0.9285 Btu/h.ft 2 .°F)(4. 19 ft z ) 


= 149.9°F 


which is practically equal to the assumed value of 150°F used in the evaluation of properties and h. 
Therefore, there is no need to repeat the calculations. 
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9-1 14E The components of an electronic system located in a horizontal duct of rectangular cross section is 
cooled by natural convection. The heat transfer from the outer surfaces of the duct by natural convection 
and the average temperature of the duct are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Radiation effects are negligible. 5 The thermal resistance of the duct is 
negligible. 


Properties The properties of air at 1 atm and the anticipated film temperature of {T^+T^)/2 = (160+80)/2 = 
120°F are (Table A-15E) 


k = 0.01576 Btu/h.ft.°F 

V = 0.1923xl0“ 3 ft 2 /s 
Pr = 0.723 

P = \/T f =1/(120 + 460 R) = 0.001724 R' 1 

Analysis (a) Noting that radiation heat transfer is 
negligible and no heat is removed by forced convection 
because of the failure of the fan, the entire 180 W heat 
generated must be dissipated by natural convection, 

Q natural = Q total = 180 W 


Air 

80°F 



85°F 
22 cfm 


(b) We start the calculations by “guessing” the surface temperature to be 160°F for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. 

Horizontal top surface: The characteristic length is L r = — = ^ ft)(6/12 ft) _ q .2222 ft . Then, 

p 2(4 ft + 6/12 ft) 

q gP{T s -T m )L\ (32,2 ft/s 2 )(0. 00 1724 R" 1 )(1 60 — 80 R)(0.2222 ft) 3 

v 2 (0.1923xl0- 3 ft 2 /s) 2 

Nu = 0.547?fl 1/4 = 0.54(9.534 x10 5 ) 1/4 =16.87 


JL. = ±Nu= °- 015 76Btu/h.ft. o F (16-87)=U97BWLft2 , F 


top 


L 


0.2222 ft 


A top = (4 ft)(6 / 12 ft) = 2 ft 2 =A 


bottom 


Horizontal bottom surface: The Nusselt number for this geometry and orientation can be determined 
from 

Nu = 0.21Ra 114 = 0.27(9.534 xlO 5 ) 1/4 =8.437 


h 


bottom 


k 

z 


Nu = 


0.01576 Btu/h.ft.°F 
0.2222 ft 


(8.437) = 0.5983 Btu/h.ft 2 .°F 


Vertical side surfaces: The characteristic length in this case is the height of the duct, L c = L = 6 in. Then, 
Ra . gffCT, - r„)Z ] - (32.2f 1 /s^(0.001724R--X160- 8 0R)(0.5f 1 ) J (0 _ 723) 


V 


(0.1923xl0 -3 ft 2 / s ) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/ 16 


— 1 8 / 27 


> = •< 


0.825 + 


0. 387(1. 086xl0 7 ) 1/6 


1 + 


a 0 . 492 ^ 9/16 
0.723 


— 1 8 / 27 


= 32.03 
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T s = 160.5°F 

which is sufficiently close to the assumed value of 160°F used in the evaluation of properties and h. 
Therefore, there is no need to repeat the calculations. 
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9-115 A cold aluminum canned drink is exposed to ambient air. The time it will take for the average 
temperature to rise to a specified value is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Any heat transfer from the bottom surface of the can is disregarded. 5 The 
thermal resistance of the can is negligible. 

Properties The properties of air at 1 atm and the anticipated film 
temperature of {T s +T^)/2 = (6+25)/2 = 15.5°C are (Table A- 15) 
k = 0.0248 W/m.°C 

v = 1.475xl0 -5 m 2 /s 


Pr = 0.7322 



CT ° 

Air 

COLA 

25°C 

5°C 


s= 0.6 

12.5 cm 

( D = 6 cm 


-l 


p = 1 / T f ■ = 1 /(15.5 + 273 K) = 0.003466 K 

Analysis We assume the surface temperature of aluminum can to be equal to the temperature of the drink in 
the can since the can is made of a very thin layer of aluminum. Noting that the temperature of the drink 
rises from 5°C to 7°C, we take the average surface temperature to be 6°C. The characteristic length in this 
case is the height of the box L c = L = 0.125 m. Then, 

Rl , = ^T„-T,) I-' pr= (9-81 m /s i )(0.003466K-)(25-6K)(0.125m) i (07322) = 4 246xlot 
V' 2 (1.475xlCT 5 m 2 /s) 2 

At this point we should check if we can treat this aluminum can as a vertical plate. The criteria is 
35 L 35(12.5 cm) 


D> 


Gr 


1/4 


(4.246xl0 6 / 0.7322) 1/4 


= 8.92 cm 


which is not smaller than the diameter of the can (6 cm), but close to it. Therefore, we can still use vertical 
plate relation approximately (besides, we do not have another relation available). Then 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


0.492 

Pr 


\ 9/16 


-i8/27 


> — < 


0.825 + 


0. 387(4. 246x10 6 ) 1/6 


1 + 


r 0.492 ^ 9/16 


-.8/27 


0.7322 


= 24.63 


7 k A7 0.0248 W/m.°C 2 

h = — Nn = ^ A ^ ~ A 007W/ - °' 

L 0.125m 


(24.63) = 4.887 W/m.C 


2 * 2 

A s = nDL + 2^- = ;r(0.06 m)(0.125 m) + m) = 0.02639 m 2 

Note that we also include top surface area of the can to the total surface area, and assume the heat transfer 
coefficient for that area to be the same for simplicity (actually, it will be a little lower). Then heat transfer 
rate from outer surfaces of the can by natural convection becomes 

Q = hA s (T x -T„) = (4.887 W/m 2 ,°C)(0.02639 m 2 )(25 - 6)°C = 2.45 W 
The radiation heat loss is 

Q rad = sA s a{T*urr —T*) = (0. 6)(0. 02639 m 2 )(5. 67 xlO^ 8 W/m 2 .K 4 )[(298K) 4 -(6 + 273 K) 4 ] = 1.64 W 
and Q total =2.41 + 1.64 = 4.09 W 

Using the properties of water for the cold drink at 6°C, the amount of heat transfer to the drink is 

m = pV = P ~2 L = (999.9 kg/m 3 (0.125 m) = 0.3534 kg 

Q = me p (T 2 -T t ) = (0.3534 kg)(4203 J/kg.°C)(7 -5)°C = 2971 J 
Then the time required for the temperature of the cold drink to rise to 7°C becomes 

Q = QAt- 


. Q 2971 J ... , 

+ A t = — = = 726 s = 12.1 min 


Q 4.09 J/s 
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9-116 An electric hot water heater is located in a small room. A hot water tank insulation kit is available 
for $60. The payback period of this insulation to pay for itself from the energy it saves is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Any heat transfer from the top and bottom surfaces of the tank is 
disregarded. 5 The thermal resistance of the metal sheet is negligible. 


Properties The properties of air at 1 atm and the film 
temperature of (T^rT^)/2 = (40+20)/2 = 30°C are (Table A- 15) 

k = 0.02588 W/m.°C 

v = 1.608xl0~ 5 m 2 /s 
Pr = 0.7282 

P = — = = 0.0033 K' 1 

77 (30 + 273)K 


Analysis The characteristic length in this case is the height of 
the heater, L c = L = 2 m. Then, 


2 cm 


40 cm 


2 cm 






Room 

T s = 40°C 


20°C 

8 = 0.7 



Water 




heater 


H= 2 


V V 


Ra = #Wp r _ (9,81 m/s / )(0.0033 K" 1 )(40 -20 K)(2 m) = L459xlo io 


V 


(1.608x 10 -5 m 2 /s) 2 


Nu = 


0.825 + 


0.387Ra 


i/i 


1 + 


^ 0 . 492 ^ 9/16 

Pr 


n8/27 




0.825 + 


0.387(1.459xl0 10 ) 1/6 


1 + 


r 0.492 a9/16 


-.8/27 


= 285.4 


0.7282 


ft = * M, = ° 02588 W/m ° C (285.4) = 3.693 W/m VC 
L 2 m 

A s = nDL = ^-(0.44 m)(2 m) = 2.765 m 2 


and Q = hA„ (T x -T s ) = (3.693 W/m 2 ,°C)(2.765 m 2 )(40 - 20)°C = 204.2 W 
The radiation heat loss is 

Qrad =^s Cr ( T sun- 4 ~ T 2 ) 


= (0.7)(2.765 m 2 )(5.67 x 10 -8 W/m 2 .K 4 )[(40 + 273 K) 4 - (20 + 273 K) 4 ] = 244.5 W 


and Q, otal = 204.2 + 244.5 = 448.7 W 
The reduction in heat loss after adding insulation is 
Q = (0.80)(448.7) = 359.0 W 
The amount of heat and money saved per hour is 

Qsared = 2 ^ = (0.3590 kW)( 1 h) = 0.3590 kWh 
Money saved = (0.3590 kWh)($0.08/kWh) = $0.02872 


Then it will take At = = 2089 h = 87.0 days 

$0.02872 

for the additional insulation to pay for itself from the energy it saves. 
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9-117 A hot part of the vertical front section of a natural gas furnace in a plant is considered. The rate of 
heat loss from this section and the annual cost of this heat loss are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Any heat transfer from other surfaces of the tank is disregarded. 


Properties The properties of air at 1 atm and the film temperature of 
(Ts+T*,)/ 2 = (1 10+25)/2 = 67.5°C are (Table A-15) 

k = 0.02863 W/m.°C 


Plate on 
furnace 
1.5 m x 1.5 


i/ = 1.97xl0“ 5 m 2 /s 
Pr = 0.7183 

P = — = = 0.002937 K' 1 

T f (67.5 + 273)K 

Analysis The characteristic length in this case is the 
height of that section of furnace, L c = L= 1.5 m. Then, 



Ra = pr _ (9.81 m/s~)(0.002937 K'+l 10 -25 K)(1.5 m) (a7183) = L530xlo io 


V 


(1.97 x 10 -5 m 2 /s) 2 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


^ 0 . 492 ^ 9/16 

Pr 


-i 8/27 


> =< 


0.825 + 


0. 387(1. 530xl0 10 ) 1/6 


1 + 


r 0.492 ^ 9/16 


n 8/27 


= 289.1 


0.7183 


(289.1) = 5.518 W/m 2 .°C 


and 


h = — Nu - 0-02863 W/m. °C , oon „ _ c C1 0 „ 7/m2 0 , 
L 1.5 m 

A = (1 m)(1.5 m) = 1.5 m 2 


Q = hA s (T s -T x ) =(5.518 W/m 2 .°C)(l. 5m z )(l 10- 25)°C = 703.5 W 
The radiation heat loss is 

Qrad =sA s a{T surr 4 -T;) 

= (0. 7)(1 .5 m 2 )(5.67 x 10“ 8 W/m 2 .K 4 )[(1 10 + 273 K) 4 - (25 + 273 K) 4 ] = 812 W 


Q mal = 703.5 + 812 = 1 515 W 

The amount and cost of natural gas used to overcome this heat loss per year is 

Qgas = Qgas^t = = 10 days/yrxlO hr/day x 3600 s/hr) = 2.14xl0 7 kJ 

Cost = (2. 14x 10 7 / 105,500 therm)($ 1.20/therm) = $243 
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9-118 A group of 25 transistors are cooled by attaching them to a square aluminum plate and mounting the 
plate on the wall of a room. The required size of the plate to limit the surface temperature to 50°C is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Any heat transfer from the back side of the plate is negligible. 


Properties The properties of air at 1 atm and the film 
temperature of (T s +T<n )/ 2 = (50+30)/2 = 40°C are (Table A- 15) 

k = 0.02662 W/m.°C 


v = 1.702xl0~ 5 m 2 /s 

Pr = 0.7255 Room 

30°C 

P = — = = 0.003195 K' 1 

T f (40 + 273)K 


Analysis The Rayleigh number can be determined in terms of 
the characteristic length (length of the plate) to be 


Ra = 


gP(T^ -T )L\ 


Pr = 


v 


(9.81 m/s 2 )(0. 003 195 K' 1 )(50 — 30 K)(Z) 3 
(1.702x 10~ 5 m 2 /s) 2 


Plate 
Lx L 


Transistors, 



25x1.5 W 


£= 0.9 
T s = 50°C 


(0.7255) = 1.571x10 9 Z 3 


The Nusselt number relation is 


Nu = 


0.825 + 


0.387Ra 


1/6 


1 + 


^ 0 . 492^ 9/16 


n 8/27 


Pr 


> =< 


0.825 + 


0.387(1.571 xl0 9 L 3 ) 1/1 


1 + 


r 0.492 a9/16 
0.7255 


n8/27 


The heat transfer coefficient is 


h = -Nu 
L 

A s = L 2 


0.02662 W/m.°C 
L 


Nu 


Noting that both the surface and surrounding temperatures are known, the rate of convection and radiation 
heat transfer are expressed as 


<? eonv = hA s (T s -T a )= Q - Q2662W/m -° C NuL A (50 - 30)°C 


oo ; = 'vwi . 2 

Q aA =eA s a(T s 4 -T skv 4 ) = (0.9)Z 2 (5.67xl0“ 8 W/m 2 .K 4 )[(50 + 273) 4 -(30 + 273) 4 ]K 4 = 125.3Z 2 


The rate of total heat transfer is expressed as 

total — Q conv Qrad 


25 X (1.5 W) = 


0.02662 W/m.°C 

Z 


NuL 2 (50 -30)°C + 125.3 L 


Substituting Nusselt number expression above into this equation and solving for L, the length of the plate is 
determined to be 

L = 0.426 m 
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9-119 A group of 25 transistors are cooled by attaching them to a square aluminum plate and positioning 
the plate horizontally in a room. The required size of the plate to limit the surface temperature to 50°C is to 
be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 Any heat transfer from the back side of the plate is negligible. 

Properties The properties of air at 1 atm and the film temperature 
of(r s +7T)/2 = (50+30)/2 = 40°C are (Table A- 15) 


k = 0.02662 W/m.°C 
v = 1.702 x 10~ 5 m 2 /s 


Pr = 0.7255 


P = — = = 0.003195 K' 1 

T y (40 + 273)K 


Room 

30°C 


Analysis The characteristic length and the Rayleigh number 
for the horizontal case are determined to be 

A. L 2 L 

L = — = — = — 
c p 4L 4 

Ra _ gP(T x -T,)L\ pr = (9.81 m/s 2 )(0. 003 195 K' 1 )(50 -30 K)(Z / 4) 
v 2 (1.702xl0~ 5 m 2 /s) 2 


Plate 

LxL 


Transistors, 



25x1.5 W 


s= 0.9 
T s = 50°C 


3 

-(0.7255) = 2.454x10 7 Z 3 


Noting that both the surface and surrounding temperatures are known, the rate of radiation heat transfer is 
determined to be 


Ad = eA s a{T 4 -T sky 4 ) = (0.9)L 2 (5.67 xlO~ 8 W/m 2 .K 4 )[(50 + 273) 4 -(30 + 273) 4 ]K 4 = 125.3T 2 

( a ) Hot surface facing up: We assume Ra < 10 and thus L <0.74 m so that we can determine the Nu 
number from Eq. 9-22. Then the Nusselt number and the convection heat transfer coefficient become 


Then, 


Nu=0.54Ra V4 = 0.54(2.454 xl0 7 Z. 3 ) 1/4 = 38.0T 3/4 


h = -Nu = 0 02662 W/m -° C (38.0L 374 ) = 4.047ZT 174 W/m 2 .°C 
L LI 4 

A S =L 2 


The rate of convection heat transfer is 

2 CO n V -hA s (T s -7 t oo ) = (4.047T _1/4 )Z 2 (50-30) = 80.94Z 7/4 W 

Then, 

C?totai = Qconv + Ad > 25 x (1 .5 W) = 80.94Z 774 + 125.3Z 2 W 


Solving for L, the length of the plate is determined to be 

L = 0.407 m 

n 

Note that L < 0.75 m, and therefore the assumption of Ra < 10 is verified. That is, 


(b) Hot surface facing down: The Nusselt number in this case is determined from 
Nu = 0.27 Ra 11 4 = 0.27(2.454 xlO 7 1 3 ) 1/4 =19.0Z 3/4 


Then, h = — Nu = 
L. 


0.02662 W/m.°C 

Z74 


(19.0Z 3/4 ) = 2.023Z 


- 1/4 


The rate of convection heat transfer is 

Q conv =hA s (T s -TJ = (2.023Z- 1/4 )T 2 (50-30) = 40.47T 7/4 W 

Then, 

Atai = Anv+Ad >25x(1.5 W) = 40.47Z 774 +125. 3Z 2 W 

Solving for L , the length of the plate is determined to be 

L = 0.464 m 
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9-120E A hot water pipe passes through a basement. The temperature drop of water in the basement due to 
heat loss from the pipe is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 


Properties The properties of air at 1 atm and the 
anticipated film temperature of (r s +7V)/2 = 
(150+60)/2 = 105°F are (Table A-15E) 

k = 0.01541 Btu/h.ft.°F 

v = 0.1838xl0~ 3 ft 2 /s 
Pr = 0.7253 

P = — = = 0.00177 R 1 

T f (105 + 460)R 



Analysis We expect the pipe temperature to be very close to the water temperature, and start the 
calculations by “guessing” the average outer surface temperature of the pipe to be 150°F for the evaluation 
of the properties and h. We will check the accuracy of this guess later and repeat the calculations if 
necessary. The characteristic length in this case is the outer diameter of the pipe, L c = D a =1.2 in. Then, 


Ra = 


g ft (Too ~ T s )D ( 


Pr = 


v 


(32.2 ft/s 2 )(0.00177 R -1 )(150 -60 R)(1.2 /12 ft) 3 
(0.1838xl0~ 3 ft 2 /s) 2 


(0.7253) = 1.101x10 


The natural convection Nusselt number can be determined from 
Nu = 




^ 0.387Ra 1/6 

0 6 l 

2 

s 

C A 

0.387(1. 101xl0 5 ) 1/6 

1 + (0.559 /Pr) 9/16 8/27 

\ 1 

l + (0. 559/0. 7253) 9/16 


k 


D. 


Nu = 


0.01541 W/m.°C 

(1.2/ 12) ft 


(7.998) = 1.232 Btu/h.ft 2 .°F 


A t = 7tD t L = tt( 1 / 12 ft)(50 ft) = 13.09 ft 2 
A 0 = ttD 0 L = 7T( 1.2 / 12 ft)(50 ft) = 15.708 ft 2 


7.998 


Using the assumed value of glass temperature, the radiation heat transfer coefficient is determined to be 
h md = sct(T s +T surr )(T s 2 +T SW , 2 ) 

= (0.5)(0. 1714x 10~ 8 Btu/h.ft 2 .R 4 )[(150 + 460) + (60 + 460)] [(1 50 + 460) 2 + (60 + 460) 2 ]R 3 
= 0.6222 Btu/ft 2 .R 

Then the combined convection and radiation heat transfer coefficient outside becomes 
Kcombined = h o + Kad = 1 .232 + 0.6222 = 1.854 Btu/ft 2 .R 


and 


Q - 


T -T 

water co 


150-60 


1 , HDo/Dj ) , 1 


, ln(l .2 / 1) 


= 2440 Btu/h 


Mi h o A o (30)(13.09) 4^(30)(50) (1.854)(15.708) 

The mass flow rate of water 

m = pA c V = (61.2 lbm/ft 3 )[^-( 1/12 ft) 2 / 4j(4 ft/s) = 1.335 lbm/s = 4807 lbm/h 
Then the temperature drop of water as it flows through the pipe becomes 

Q 2440 Btu/h 


Q - me .AT — » AT = — 


me p (4807 lbm/h)(l .0 Btu/lbm.°F) 


= 0.51°F 
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9-121 A flat-plate solar collector placed horizontally on the flat roof of a house is exposed to the calm 
ambient air. The rate of heat loss from the collector by natural convection and radiation are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm and the film Air 

temperature of ( TRrT^/2 = (42+8)/2 = 25°C are (Table A- 15) p r = 8°C 

k = 0.02551 W/m.°C So l ar col i ector r sky = -15°C 

v = 1.562xl0~ 5 m 2 /s 


Pr = 0.7296 


1 


T f (25 + 273)K 


= 0.003356K 


-l 



Analysis The characteristic length in this case is determined from 

L c Q.5-X«i-i) =06m 
p 2(1.5 m + 6m) 

Then, 


Ra = 


gP(T x - T s )L C 


(9.81 m/s z )(0. 003356 K' 1 )(42 -8 K)(0.6 m) 
(1.562 x 10~ 5 m 2 /s) 2 


Pr = 


V 


(0.7296) = 7.230x 10 


Nu = 0A5Ra in = 0.15(7.230xl0 8 ) 1/3 =134.6 


(134.6) = 5.72 W/m 2 .°C 


. k Ar 0.0255 1 W/m.°C 2 0l 

h = — Nu = n * A ^ - c 

L c 0.6 m 

A =(1.5m)(6m) = 9m 2 


and 


Qconv = hA, (T, —T x ) = (5.72 W/m 2 ,°C)(9 )(42 - 8)°C = 1750 W 


Heat transfer rate by radiation is 

Qrad =^^( T mrr 4 ~ T A 

= (0.9)(9 m 2 )(5.67 xlO -8 W/m 2 .K 4 )[(42 + 273K) 4 -(-15 + 273 K) 4 ] = 2490 W 
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9-122 A flat-plate solar collector tilted 40°C from the horizontal is exposed to the calm ambient air. The 
total rate of heat loss from the collector, the collector efficiency, and the temperature rise of water in the 
collector are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local 
atmospheric pressure is 1 atm. 4 There is no heat loss from the back surface of the absorber plate. 

Properties The properties of air at 1 atm and the film temperature of 
(Js+roo)/ 2 = (40+20)/2 = 30°C are (Table A- 15) 

Absorber 
\ , Plate 


k = 0.02588 W/m.°C 


v = 1.608xl0 -5 m 2 /s 


Pr = 0.7282 

fi = 1 


1 


T f (30 + 273)K 


= 0.0033 K 


-l 


Analysis {a) The characteristic length in 
this case is determined from 


Solar \ 

radiation \ \ ^ 

Outdoors, 650 W/m2 \ \ 

T m = 20°C v X 

r skv = -40°c 




Then, 


(1.5 m)(2 m) 
p 2(1.5m + 2m) 


v 2 


= 0.429 m 



_ (9.81 m/s z )(cos 40°)(0.0033 K' 1 )(40 -20 K)(0.429 m) 

(1.608xl0~ 5 m 2 /s) 2 

Nu = 0A5Ra U3 = 0.15(1. 103xl0 8 ) 1/3 =71.94 

, k Ar 0.02588 W/m.°C 2 

h = — Nu= (71.94) = 4.340 W/m-.°C 


(0.7282) = 1.103xl0 : 


L. 


0.429 m 

2 


A s =(1.5 m)(2 m) = 3 m 

and Q conv = hA s (T s -T x ) = (4.340 W/m 2 .°C)(3 m“)(40-20)°C = 260.4 W 
Heat transfer rate by radiation is 

Qrad =£As°( T surr 4 

= (0.9)(3 m 2 )(5.67 x 10^ 8 W/m 2 .K 4 )[(40 + 273 K) 4 - (-40 + 273 K) 4 ] = 1018 W 

and Q lolal = 260.4 + 1018 = 1278 W 
(b) The solar energy incident on the collector is 

Qincident = ccqA s = (0.88)(650 W/m 2 )(3m 2 ) = 1716 W 
Then the collector efficiency becomes 


efficiency = 9 incident 1716 1278 


= 0.255 = 25.5% 


Q incident 1716 

(c) The temperature rise of the water as it passes through the collector is 

Q (1716-1278)W 


Q = me AT — » AT = — 


me n (1/ 60 kg/s)(4180 J/kg.°C) 


= 6.3°C 
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Fundamentals of Engineering (FE) Exam Problems 


9-123 Consider a hot boiled egg in a spacecraft that is filled with air at atmospheric pressure and 
temperature at all times. Disregarding any radiation effect, will the egg cool faster or slower when the 
spacecraft is in space instead of on the ground? 

(a) faster (b) no differencce (c) slower (d) insufficient information 

Answer (c) slower [there is no gravity and thus no natural convections currents in space] 


9-124 A hot object suspended by a string is to be cooled by natural convection in fluids whose volume 
changes differently with temperature at constant pressure. In which fluid will the rate of cooling be lowest? 

With increasing temperature, a fluid whose volume 

(a) increases a lot (b) increases slightly (c) does not change (d) decreases slightly (e) decreases a lot 

Answer (c) A fluid whose volume does not change [since there will be no natural convection currents in 
this case] 


9-125 The primary driving force for natural convection is 

(a) shear stress forces (b) buoyancy forces (c) pressure forces 

(d) surface tension forces (e) None of them 

Answer (b) buoyancy forces 


79°C is exposed to atmospheric air at 30°C. The general direction in 

(b) up (c) down 

(e) no motion 

Answer (c) down 


9-126 A spherical block of dry ice at - 
which the air moves in this situation is 

(a) horizontal 

(d) recirculation around the sphere 
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9-127 Consider a horizontal 0.7-m-wide and 0.85-m-long plate in a room at 30°C. Top side of the plate is 
insulated while the bottom side is maintained at 0°C. The rate of heat transfer from the room air to the plate 
by natural convection is 

(a) 36.8 W (b) 43.7 W (c) 128.5 W (d) 92.7 W (e) 69.7 W 

(For air, use k = 0.02476 W/m-°C, Pr = 0.7323, v = 1.470xl0' 5 m 2 /s) 


Answer (b) 43.7 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Width=0.7 [m] 
Height=0.85 [m] 
T_infinity=30 [C] 
T_s=0 [C] 


"The properties of air at (0+30)/2 = 15 C are (Table A-15)" 
k=0. 02476 [W/m-C] 
nu=1 .470E-5 [m A 2/s] 

Pr=0.7323 

beta=1/T_f 

T_f=(T_s+T_infinity)/2+273 
g=9.81 [m/s A 2] 

L=(Width*Height)/(2*(Width+Height)) 

Ra=(g*beta*(T_infinity-T_s)*L A 3)/nu A 2*Pr 

Nus=0.27*Ra A 0.25 

h=k/L*Nus 

A_s=Width*Height 

Q_dot=h*A_s*(TJnfinity-T_s) 
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9-128 Consider a 0.3-m-diameter, 1.8-m-long horizontal cylinder in a room at 20°C. If the outer surface 
temperature of the cylinder is 40°C, the natural convection heat transfer coefficient is 

(a) 3.0 W/m 2 -°C (b) 3.5 W/m 2 -°C (c) 3.9 W/m 2 -°C (d) 4.6 W/m 2 -°C (e) 5.7 W/m 2 -°C 

(For air, use k = 0.02588 W/m-°C, Pr = 0.7282, v = 1.608xl0' 5 m 2 /s) 


Answer (c) 3.9 W/m 2 °C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.3 [m] 

L=1 .8 [m] 

T_infinity=20 [C] 

T_s=40 [C] 

"The properties of air at (20+40)/2 = 30 C are (Table A-1 5)" 
k=0. 02588 [W/m-C] 
nu=1 .608E-5 [m A 2/s] 

Pr=0.7282 

beta=1/T_f 

T_f=(T_s+T_infinity)/2+273 
g=9.81 [m/s A 2] 

Ra=(g*beta*(T_s-T_infinity)*D A 3)/nu A 2*Pr 
Nus=((0.6+(0.387*Ra A (1/6))/(1 +(0.559/Pr) A (9/16)) A (8/27))) A 2 
h=k/D*Nus 
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9-129 A 4-m-diameter spherical tank contains iced water at 0°C. The tank is thin-shelled and thus its outer 
surface temperature may be assumed to be same as the temperature of the iced water inside. Now the tank 
is placed in a large lake at 20°C. The rate at which the ice melts is 

(a) 0.42 kg/s (b) 0.58 kg/s (c) 0.70 kg/s (d) 0.83 kg/s (e) 0.98 kg/s 

(For lake water, use k= 0.580 W/m-°C, Pr = 9.45, v = 0.1307xl0 -5 m 2 /s, 0= 0.138xl0' 3 K" 1 ) 


Answer (a) 0.42 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=4 [m] 

T_infinity=20 [C] 

T_s=0 [C] 

"The properties of water at (20+0)/2 = 1 0 C are (Table A-9)" 
k=0.580 [W/m-C] 
nu=0.1307E-5 [m A 2/s] 

Pr=9.45 

beta=0.138E-3 [1/K] 
g=9.81 [m/s A 2] 

Ra=(g*beta*(T_infinity-T_s)*D A 3)/nu A 2*Pr 
Nus=2+(0.589*Ra A (1/4))/(1 +(0.469/Pr) A (9/16)) A (4/9) 
h=k/D*Nus 
A_s=pi*D A 2 

Q_dot=h*A_s*(TJnfinity-T_s) 

h if=333700 [J/kg] 

m dot melt=Q dot/h if 
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9-130 A 4-m-long section of a 5-cm-diameter horizontal pipe in which a refrigerant flows passes through a 
room at 20°C. The pipe is not well insulated and the outer surface temperature of the pipe is observed to be 
-10°C. The emissivity of the pipe surface is 0.85 and the surrounding surfaces are at 15°C. The fraction of 
heat transferred to the pipe by radiation is 

(a) 0.24 (b) 0.30 (c) 0.37 (d) 0.48 (e) 0.58 

(For air, use k = 0.02401 W/m-°C, Pr = 0.735, v = 1.382xl(T 5 m 2 /s) 


Answer (c) 0.37 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


L=4 [m] 

D=0.05 [m] 

T_infinity=20 [C] 

T_s=-10 [C] 

T_surr=1 5 [C] 
epsilon=0.85 

"The properties of air at (20-1 0)/2 = 5 C are (Table A-15)" 
k=0. 02401 [W/m-C] 
nu=1 .382E-5 [m A 2/s] 

Pr=0.7350 

beta=1/T_f 

T_f=(T_s+T_infinity)/2+273 
g=9.81 [m/s A 2] 
sigma=5.67E-8 [W/m A 2-K A 4] 

Ra=(g*beta*(T_infinity-T_s)*D A 3)/nu A 2*Pr 
Nus=((0.6+(0.387*Ra A (1/6))/(1 +(0.559/Pr) A (9/16)) A (8/27))) A 2 
h=k/D*Nus 
A_s=pi*D*L 

Q_dot_conv=h*A_s*(T_infinity-T_s) 

Q_dot_rad=epsilon*A_s*sigma*((T_surr+273) A 4-(T_s+273) A 4) 

f_rad=Q_dot_rad/'(Q_dot_conv+Q_dot_rad) 

"Some Wrong Solutions with Common Mistakes" 

W_f_rad=Q_dot_rad/Q_dot_conv "Finding the ratio of radiation to convection" 
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9-131 A vertical 0.9-m-high and 1.8-m-wide double-pane window consists of two sheets of glass separated 
by a 2.2-cm air gap at atmospheric pressure. If the glass surface temperatures across the air gap are 
measured to be 20°C and 30°C, the rate of heat transfer through the window is 

(a) 19.8 W (b) 26.1 W (c) 30.5 W (d) 34.7 W (e) 55.0 W 

(For air, use k = 0.02551 W/m-°C, Pr = 0.7296, v = 1.562xl0" 5 m 2 /s. Also, the applicable correlation is 
Nu = 0.42Ra 1/4 Pr 0 012 {H / L)~ 03 ) 


Answer (b) 26.1 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


H=0.9 [m] 

W=1 .8 [m] 

L=0.022 [m] 

T1=30 [C] 

T2=20 [C] 

"The properties of air at (20+30)/2 = 25 C are (Table A-1 5)" 
k=0. 02551 [W/m-C] 
nu=1 .562E-5 [m A 2/s] 

Pr=0.7296 
beta=1/T_ave 
T_ave=(T 1 +T2)/2+273 
g=9.81 [m/s A 2] 

Ra=(g*beta*(T1 -T2)*L A 3)/nu A 2*Pr 
Nus=0.42*Ra A (1/4)*Pr A 0.01 2*(H/L) A (-0.3) 

A_s=H*W 

Q_dot=k*Nus*A_s*(T 1 -T2)/L 
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9-132 A horizontal 1.5-m-wide, 4.5-m-long double-pane window consists of two sheets of glass separated 
by a 3.5-cm gap filled with water. If the glass surface temperatures at the bottom and the top are measured 
to be 60°C and 40°C, respectively, the rate of heat transfer through the window is 

(a) 27.6 kW (b) 39.4 kW (c) 59.6 kW (d) 66.4 kW (e) 75.5 kW 

(For water, use k= 0.644 W/m-°C, Pr = 3.55, v = 0.554xl0' 6 m 2 /s, /? = 0.451xl0" 3 K" 1 . Also, the applicable 
correlation is Nu = 0.069Ra 1/3 Pr 0 074 ). 


Answer (d) 66.4 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Width=1 .5 [m] 

Length=4.5 [m] 

L=0.035 [m] 

T1=60 [C] 

T2=40 [C] 

"The properties of water at (60+40)/2 = 50 C are (Table A-9)" 
k=0.644 [W/m-C] 
nu=0.554E-6 [m A 2/s] 

Pr=3.55 

beta=0.451 E-3 [1/K] 
g=9.81 [m/s A 2] 

Ra=(g*beta*(T1 -T2)*L A 3)/nu A 2*Pr 
Nus=0.069*Ra A (1/3)*Pr A (0.074) 

A_s=Width*Length 
Q_dot=k*Nus*A_s*(T 1 -T2)/L 

"Some Wrong Solutions with Common Mistakes" 
W1_Nus=0.068*Ra A (1/3) "Relation for air gap, Eq. 9-45" 
W1_Q_dot=k*W1_Nus*A_s*(T1 -T2)/L 
W2_Nus=0.195*Ra A (1/4) "Relation for air gap, Eq. 9-44" 
W2_Q_dot=k*W2_Nus*A_s*(T 1 -T2)/L 
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9-133 Two concentric cylinders of diameters D, = 30 cm and D 0 = 40 cm and L = 5 m are separated by air 
at 1 atm pressure. Heat is generated within the inner cylinder uniformly at a rate of 1 100 W/m 3 and the 
inner surface temperature of the outer cylinder is 300 K. The steady-state outer surface temperature of the 
inner cylinder is 

(a) 402 K (b) 4 1 5 K (c) 429 K (d) 442 K (e) 456 K 

(For air, use k = 0.03095 W/m-°C, Pr = 0.71 1 1, v = 2.306xl0' 5 m 2 /s.) 


Answer (c) 429 K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D_i=0.30 [m] 

D_o=0.40 [m] 

L=5 [m] 

g_dot=1100 [W/m A 3] 

T_o=300 [K] 

"The properties of air at 1 00 C are (Table A-1 5)" 
k=0. 03095 [W/m-K] 
nu=2.306E-5 [m A 2/s] 

Pr=0.71 1 1 
beta=1/T_ave 
T_ave=100 [C]+273 [K] 
g=9.81 [m/s A 2] 


L_c=(D_o-D_i)/2 

Ra=(g*beta*(TJ-T_o)*L_c A 3)/nu A 2*Pr 

F_cyl=(ln(D_o/DJ)) A 4/(L_c A 3*(D_i A (-3/5)+D_o A (-3/5)) A 5) 

k_eff=k*0.386*(Pr/(0.861+Pr)) A 0.25*(F_cyl*Ra) A 0.25 


Vol=pi*D_i A 2/4*L 

Q_dot=g_dot*Vol 

Q_dot=(2*pi*k_eff)/ln(D_o/D_i)*(TJ-T_o) 
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9-134 A vertical double-pane window consists of two sheets of glass separated by a 1.5-cm air gap at 
atmospheric pressure. The glass surface temperatures across the air gap are measured to be 278 K and 288 
K. If it is estimated that the heat transfer by convection through the enclosure is 1.5 times that by pure 
conduction and that the rate of heat transfer by radiation through the enclosure is about the same magnitude 
as the convection, the effective emissivity of the two glass surfaces is 

(a) 0.47 (b) 0.53 (c) 0.61 (d) 0.65 (e) 0.72 

Answer (a) 0.47 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

L=0.01 5 [m] 

T1=288 [C] 

T2=278 [C] 

Nus=1 .5 

"The properties of air at (278+288)/2 = 283 K =1 0 C are (Table A-1 5)" 
k=0. 02439 [W/m-K] 
sigma=5.67E-8 [W/m A 2-K A 4] 

q_dot_conv=k*Nus*(T 1 -T2)/L 
q_dot_rad=q_dot_conv 
q_dot_rad=epsilon_eff*sigma*(T 1 A 4-T2 A 4) 


9-135 9-138 Design and Essay Problems 
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Chapter 10 

BOILING AND CONDENSATION 


10-1 


Boiling Heat Transfer 

10-1C Boiling is the liquid-to-vapor phase change process that occurs at a solid-liquid interface when the 
surface is heated above the saturation temperature of the liquid. The formation and rise of the bubbles and 
the liquid entrainment coupled with the large amount of heat absorbed during liquid-vapor phase change at 
essentially constant temperature are responsible for the very high heat transfer coefficients associated with 
nucleate boiling. 


10-2C Yes. Otherwise we can create energy by alternately vaporizing and condensing a substance. 


10-3C Both boiling and evaporation are liquid-to-vapor phase change processes, but evaporation occurs at 
the liquid-vapor interface when the vapor pressure is less than the saturation pressure of the liquid at a 
given temperature, and it involves no bubble formation or bubble motion. Boiling, on the other hand, 
occurs at the solid-liquid interface when a liquid is brought into contact with a surface maintained at a 
temperature T s sufficiently above the saturation temperature r sat of the liquid. 


10-4C Boiling is called pool boiling in the absence of bulk fluid flow, and flow boiling (or forced 
convection boiling) in the presence of it. In pool boiling, the fluid is stationary, and any motion of the fluid 
is due to natural convection currents and the motion of the bubbles due to the influence of buoyancy. 


10-5C Boiling is said to be subcooled (or local) when the bulk of the liquid is subcooled (i.e., the 
temperature of the main body of the liquid is below the saturation temperature r sat ), and saturated (or bulk) 
when the bulk of the liquid is saturated (i.e., the temperature of all the liquid is equal to T sat ). 


10-6C The boiling curve is given in Figure 10-6 in the text. In the natural convection boiling regime, the 
fluid motion is governed by natural convection currents, and heat transfer from the heating surface to the 
fluid is by natural convection. In the nucleate boiling regime, bubbles form at various preferential sites on 
the heating surface, and rise to the top. In the transition boiling regime, part of the surface is covered by a 
vapor film. In the film boiling regime, the heater surface is completely covered by a continuous stable 
vapor film, and heat transfer is by combined convection and radiation. 


10-7C In the film boiling regime, the heater surface is completely covered by a continuous stable vapor 
film, and heat transfer is by combined convection and radiation. In the nucleate boiling regime, the heater 
surface is covered by the liquid. The boiling heat flux in the stable film boiling regime can be higher or 
lower than that in the nucleate boiling regime, as can be seen from the boiling curve. 
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10-2 


10-8C The boiling curve is given in Figure 10-6 in the text. The burnout point in the curve is point C. The 
burnout during boiling is caused by the heater surface being blanketed by a continuous layer of vapor film 
at increased heat fluxes, and the resulting rise in heater surface temperature in order to maintain the same 
heat transfer rate across a low-conducting vapor film. Any attempt to increase the heat flux beyond q max 

will cause the operation point on the boiling curve to jump suddenly from point C to point E. However, the 
surface temperature that corresponds to point E is beyond the melting point of most heater materials, and 
burnout occurs. The burnout point is avoided in the design of boilers in order to avoid the disastrous 
explosions of the boilers. 

10-9C Pool boiling heat transfer can be increased permanently by increasing the number of nucleation sites 
on the heater surface by coating the surface with a thin layer (much less than 1 mm) of very porous 
material, or by forming cavities on the surface mechanically to facilitate continuous vapor formation. Such 
surfaces are reported to enhance heat transfer in the nucleate boiling regime by a factor of up to 10, and the 
critical heat flux by a factor of 3. The use of finned surfaces is also known to enhance nucleate boiling heat 
transfer and the critical heat flux. 

10-10C The different boiling regimes that occur in a vertical tube during flow boiling are forced 
convection of liquid, bubbly flow, slug flow, annular flow, transition flow, mist flow, and forced 
convection of vapor. 


10-11 Water is boiled at r sat = 120°C in a mechanically polished stainless steel pressure cooker whose 
inner surface temperature is maintained at T s = 130°C. The heat flux on the surface is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 

Properties The properties of water at the saturation temperature of 120°C are (Tables 10-1 and A-9) 

p, = 943.4 kg/m 3 h fg = 2203 x 10 3 J/kg 
p v =1.121 kg/m 3 Pi = 0.232 x 1 0 “ 3 kg/m • s 
cr = 0.0550 N/m c pl = 4244 J/kg • °C 
Pr, = 1.44 

Also, C s f = 0.0130 and n = 1.0 for the boiling of water on a 

mechanically polished stainless steel surface (Table 10-3). Note 
that we expressed the properties in units specified under Eq. 10-2 
in connection with their definitions in order to avoid unit Heating 

manipulations. 

Analysis The excess temperature in this case is AT = T s - T sat = 130-120 = 10°C which is relatively low 

(less than 30°C). Therefore, nucleate boiling will occur. The heat flux in this case can be determined from 
Rohsenow relation to be 
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10-3 


10-12 Water is boiled at the saturation (or boiling) temperature of r sat = 90°C by a horizontal brass heating 
element. The maximum heat flux in the nucleate boiling regime is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 

Properties The properties of water at the saturation 
temperature of 90°C are (Tables 10-1 and A-9) 

Pi = 965.3 kg/m 3 h fg = 2283 xlO 3 J/kg 
p v = 0.4235 kg/m 3 p t = 0.315xl0~ 3 kg/m-s 
cr = 0.0608 N/m c pl = 4206 J/kg • °C 
Pr, = 1.96 

Also, C s f = 0.0060 and n- 1.0 for the boiling of water on a brass heating (Table 10-3). Note that we 

expressed the properties in units specified under Eqs. 10-2 and 10-3 in connection with their definitions in 
order to avoid unit manipulations. For a large horizontal heating element, C cr = 0.12 (Table 10-4). (It can 
be shown that L* = 1.38 > 1.2 and thus the restriction in Table 10-4 is satisfied). 

Analysis The maximum or critical heat flux is determined from 

4 max =C cr h fg [0-gPr(P, ~P v )f' A 

= 0. 12(2283 X 10 3 )[0.0608 x 9.81 x (0.4235) 2 (965.3 - 0.4235)] 1/4 
= 873,200 W/m 2 = 873.2 kW/m 2 



10-13 Water is boiled at r sat = 90°C in a brass heating element. The surface temperature of the heater is to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 

Properties The properties of water at the saturation 
temperature of 90°C are (Tables 10-1 and A-9) 

Pi = 965.3 kg/m 3 h fg = 2283 x 10 3 J/kg 
p v = 0.4235 kg/m 3 =0.315xl0" 3 kg/m-s 
g = 0.0608 N/m c pl = 4206 J/kg • °C 
Pr, = 1.96 

Also, C s j- = 0.0060 and n— 1.0 for the boiling of water on a brass heating (Table 10-3). 



Analysis The minimum heat flux is determined from 


<7 min =0.09 p v h fg 


Og(Pl -Pv) 
( Pl + Pv ) 2 


= 0.09(0.4235)(2283xl0 3 ) 


(0.0608)(9.81)(965.3 -0.4235) 
(965.3 + 0.4235) 2 


1/4 

= 13.715 W/m 2 
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10-4 


10-14 Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of r sat = 100°C in 
a mechanically polished stainless steel pan whose inner surface temperature is maintained at r s = 1 10°C. 
The rate of heat transfer to the water and the rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 

Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9) 

3 


Pi =951.9 kg/m 
p v =0.60 kg/m 3 
cr = 0.0589 N/m 
Pr/=1.75 

h fg = 2257 xlO 3 J/kg 

//, = 0.282 xlCT 3 kg- m/s 
c p i =4217 J/kg -°C 


P = 1 atm 


Water 


100°C 
110°C 


L 




Heating 


Also, C s j- = 0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless steel surface 

(Table 10-3). Note that we expressed the properties in units specified under Eq. 10-2 in connection with 
their definitions in order to avoid unit manipulations. 

Analysis The excess temperature in this case is AT = T s - T sat =110-100 = 10°C which is relatively low 

(less than 30°C). Therefore, nucleate boiling will occur. The heat flux in this case can be determined from 
Rohsenow relation to be 


nucleate Pi ^ 


g(Pl-Pv) 

1/2 

A,/(L ~ T «S 

G 


l C sf h f g Pr " J 


fg 


= (0.282x10" 3 )(2257x10 3 ) 


"9.8(957.9-0.60)" 

1/2 

( 4217(110-100) 

0.0589 


v 0.01 30(2257 Xl0 3 )l .75 , 


= 140,700 W/m 2 

The surface area of the bottom of the pan is 

A s =ttD 2 I 4 = M0. 30 m) 2 / 4 = 0.07069 m 2 
Then the rate of heat transfer during nucleate boiling becomes 

Ailing = Enucleate = (0.07069 m 2 )(140,700 W/m 2 ) = 9945 W 
( b ) The rate of evaporation of water is determined from 

Ailing 9945 J/s 


m 


evaporation 


h 


fg 


2257 xlO 3 J/kg 


0.00441 kg/s 


That is, water in the pan will boil at a rate of 4.4 grams per second. 
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10-5 


10-15 Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of r sat = 100°C by 
a mechanically polished stainless steel heating element. The maximum heat flux in the nucleate boiling 
regime and the surface temperature of the heater for that case are to be determined. 


Assumptions 1 Steady operating conditions exist. 
2 Heat losses from the boiler are negligible. 


P = 1 atm 


Properties The properties of water at the saturation 
temperature of 100°C are (Tables 10-1 and A-9) 

3 


p l =957.9 kg/m 

p v =0.60 kg/m 3 
<r = 0.0589 N/m 
P r/ =1.75 


h fg = 2257 x 10 J/kg 


p { =0.282x10 3 kg- m/s 
c pl =4217 J/kg -°C 


Water, 100°C sj =1 


L 


V 


Heating element 


<1 


max 


Also, C s j- = 0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless steel surface 


(Table 10-3). Note that we expressed the properties in units specified under Eqs. 10-2 and 10-3 in 
connection with their definitions in order to avoid unit manipulations. For a large horizontal heating 
element, C cr = 0.12 (Table 10-4). (It can be shown that L* = 5.99 >1.2 and thus the restriction in Table 10- 
4 is satisfied). 


Analysis The maximum or critical heat flux is determined from 


^max “ Ccr^fg [°8Pv ( Pl Pv^'^ 

= 0. 12(2257 x 10 3 )[0.0589 x 9.8 x (0.6) 2 (957.9 - 0.60)] 1/4 

= 1,017,000 W/m 2 


The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface temperature can 
also be used to determine the surface temperature when the heat flux is given. Substituting the maximum 
heat flux into the Rohsenow relation together with other properties gives 


^ nucleate Pl ^ 


fg 


giPl -Pv) 

1/2 

A,/(L ~ T *S 

(7 


l C sfhf g Pr," J 


1.017,000 = (0.282 x 1(T 3 )(2257 x 10 3 ) 


“9.8(957.9-0.60)" 

1/2 

4217(7; -100) ' 

0.0589 


v 0.0130(2257 xl0 3 )1.75 y 


3 


It gives 

T s = 119.3°C 


Therefore, the temperature of the heater surface will be only 19.3°C above the boiling temperature of water 
when burnout occurs. 
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10-6 


10-16 EES Prob. 10-15 is reconsidered. The effect of local atmospheric pressure on the maximum heat 
flux and the temperature difference T s -T sat is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.003 [m] 

P_sat=101 .3 [kPa] 

"PROPERTIES" 

Fluid$='steam_IAPWS' 

T_sat=temperature(Fluid$, P=P_sat, x=1) 
rho_l=density(Fluid$, T=T_sat, x=0) 
rho_v=density(Fluid$, T=T_sat, x=1) 
sigma=SurfaceTension(Fluid$, T=T_sat) 
muJ=Viscosity(Fluid$,T=T_sat, x=0) 

PrJ=Prandtl(Fluid$, T=T_sat, P=P_sat) 

C_l=CP(Fluid$, T=T_sat, x=0) 
h_f=enthalpy(Fluid$, T=T_sat, x=0) 
h_g=enthalpy(Fluid$, T=T_sat, x=1) 
h_fg=h_g-h_f 

C_sf=0.01 30 "from Table 1 0-3 of the text" 
n=1 "from Table 10-3 of the text" 

C_cr=0.12 "from Table 1 0-4 of the text" 
g=9.8 [m/s A 2] “gravitational acceleraton" 

"ANALYSIS" 

q_dot_max=C_cr*h_fg*(sigrna*g*rho_v A 2*(rho_l-rho_v)) A 0.25 

q_dot_nucleate=q_dot_max 

q_dot_nucleate=muJ*h_fg*(((g*(rho_l-rho_v))/sigma) A 0.5)*((C_l*(T_s- 

T_sat))/(C_sf*h_fg*Pr_l A n)) A 3 

DELTAT=T s-T sat 


1025 


990 


E 955 

£ 

“920 
(0 
E 
• O" 

885 


850 

70 75 80 85 90 95 100 105 

Psat [kPa] 



Psat 

[kPa] 

Qmax 

[kW/m 2 

] 

AT 

[C] 

70 

871.9 

20.12 

71.65 

880.3 

20.07 

73.29 

888.6 

20.02 

74.94 

896.8 

19.97 

76.59 

904.9 

19.92 

78.24 

912.8 

19.88 

79.88 

920.7 

19.83 

81.53 

928.4 

19.79 

83.18 

936.1 

19.74 

84.83 

943.6 

19.7 

86.47 

951.1 

19.66 

88.12 

958.5 

19.62 

89.77 

965.8 

19.58 

91.42 

973 

19.54 

93.06 

980.1 

19.5 

94.71 

987.2 

19.47 

96.36 

994.1 

19.43 

98.01 

1001 

19.4 

99.65 

1008 

19.36 

101.3 

1015 

19.33 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


at [C] 


10-7 


10-17E Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of r sat = 212°F 
by a horizontal polished copper heating element whose surface temperature is maintained at T s = 788°F. 
The rate of heat transfer to the water per unit length of the heater is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 

Properties The properties of water at the saturation temperature of 212°F are p l - 59.82 lbm/fr and 
hj g = 970Btu/lbm (Table A-9E). The properties of the vapor at the film temperature of 

T f =(r sat +rj/2 = (212 + 788)/2 = 500°F are (Table A-16E) 
p v = 0.02571 lbm/ft 3 

p v = 1.267 xlO -5 lbm/ft • s = 0.0456 1 lbm/ft • h 
c pv = 0.4707 Btu/lbm-°F 
k v = 0.02267 Btu/h- ft -°F 

Also, g = 32.2 ft/s = 32.2x(3600) ft/h . Note that we expressed the properties in units that will cancel 
each other in boiling heat transfer relations. Also note that we used vapor properties at 1 atm pressure from 
Table A-16E instead of the properties of saturated vapor from Table A-9E since the latter are at the 
saturation pressure of 680 psia (46 atm). 

Analysis The excess temperature in this case is AT = T s -T sat = 788 - 212 = 576°F , which is much larger 

than 30°C or 54°F. Therefore, film boiling will occur. The film boiling heat flux in this case can be 
determined to be 


P= 1 atm 


Water, 212°F 




Heating element 


4film = °- 62 


gkyPyiPi -p v )[h fg + 0.4c pv (T s -T sat )] 


n 1/4 


pv 


P V D(T S -T m ) 


C T s — F sat ) 


= 0.62 


32.2(3600) 2 (0.02267) 3 (0.0257 1)(59.82 - 0.0257 1)[970 + 0.4 x 0.4707(788 - 2 12)] 


— 1 1 / 4 


(0.04561)(0.5 / 12)(788 — 212) 

= 18,600 Btu/h ft 2 
The radiation heat flux is determined from 


(788-212) 


4rad = £<j(T* -p t ) 

= (0.05)(0.1714xl0~ 8 Btu/h -ft 2 •R 4 )[(788 + 460R) 4 -(212 + 460R) 4 
= 190 Btu/h ft 2 


Note that heat transfer by radiation is very small in this case because of the low emissivity of the surface 
and the relatively low surface temperature of the heating element. Then the total heat flux becomes 

'/total =?mm+^rad - 1 8,600 + | X 190 = 1 8,743 Btu/h • ft 2 

Finally, the rate of heat transfer from the heating element to the water is determined by multiplying the heat 
flux by the heat transfer surface area, 

Q total = total = total 

= (n X 0.5 / 12 ft X 1 ft)( 1 8,743 Btu/h • ft 2 ) 

= 2453 Btu/h 
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10-18E Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of r sat = 212°F 
by a horizontal polished copper heating element whose surface temperature is maintained at T s = 988°F. 
The rate of heat transfer to the water per unit length of the heater is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 

Properties The properties of water at the saturation temperature of 212°F are p l = 59.82 lbm/fL and 
hj g = 970 Btu/lbm (Table A-9E). The properties of the vapor at the film temperature of 
T = (r sat + T s ) / 2 = (212 ■ + 988) / 2 = 600°F are, by interpolation, (Table A-16E) 

P - 1 atm 

p v =0.02395 lbm/ft 3 

ju v = 1.416 x 10 " 5 lbm/ft • s = 0.05099 lbm/ft • h 
c pv = 0.4799 Btu/lbm • °F 
k v = 0.02640 Btu/h- ft -°F 

Also, g = 32.2 ft/s 2 = 32.2x(3600) 2 ft/h 2 . Note that we expressed the properties in units that will cancel 
each other in boiling heat transfer relations. Also note that we used vapor properties at 1 atm pressure from 
Table A-16E instead of the properties of saturated vapor from Table A-9E since the latter are at the 
saturation pressure of 1541 psia (105 atm). 

Analysis The excess temperature in this case is AT = T s —T sat = 988 - 212 = 776°F , which is much larger 

than 30°C or 54°F. Therefore, film boiling will occur. The film boiling heat flux in this case can be 
determined from 



Water, 212°F 


1 


^ Heating element 

1 


<7 film - 0-62 


gkvPAPi -Pv)\ h f s + 0.4C pv (T s -r saf )] 


nl/4 


'fg 

P v D (Js ~ fiat ) 




= 0.62 


32.2(3600) 2 (0.0264) 3 (0.02395)(59. 82 - 0.02395)[970 + 0.4 x 0.4799(988 - 212)] 


nl/4 


(0.05099X0.5/ 12)(988-212) 

= 25,147 Btu/h - ft 2 
The radiation heat flux is determined from 


(988-212) 


q md = sa(T s 4 -T 4 t ) 

= (0.05)(0.1714xl0“ 8 Btu/h • ft 2 -R 4 )[(988 + 460R) 4 -(212 + 460R) 4 
= 359 Btu/h -ft 2 


Note that heat transfer by radiation is very small in this case because of the low emissivity of the surface 
and the relatively low surface temperature of the heating element. Then the total heat flux becomes 

*7 total =4fiim+^rad = 25,147 + ^-x 359 = 25.416 Btu/h • ft 2 

Finally, the rate of heat transfer from the heating element to the water is determined by multiplying the heat 
flux by the heat transfer surface area, 

2 total — A? *7 total — (ftDL)q total 

= (^x0.5/12ftxlft)(25,416 Btu/h -ft 2 ) 

= 3327 Btu/h 
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10-19 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of r sat 
= 100°C in a mechanically polished AISI 304 stainless steel pan placed on top of a 3-kW electric burner. 
Only 60% of the heat (1.8 kW) generated is transferred to the water. The inner surface temperature of the 
pan and the temperature difference across the bottom of the pan are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The 
boiling regime is nucleate boiling (this assumption will be checked later). 4 Heat transfer through the 
bottom of the pan is one-dimensional. 


Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9) 

3 


Pi =957.9 kg/m 
p v =0.60 kg/m 3 
a = 0.0589 N/m 
Pr/ — 1 *75 

h fg = 2257 xlO 3 J/kg 

H i = 0.282 xl0~ 3 kg- m/s 
c pl =4217 J/kg -°C 


P = 1 atm 


Water 100°C 


TTTTTTTTT 

Electric burner, 3 kW 


Also, & stee i = 14.9 W/m-°C (Table A-3), C s j - 0.0130 and n- 1.0 for the boiling of water on a 

mechanically polished stainless steel surface (Table 10-3 ). Note that we expressed the properties in units 
specified under Eq. 10-2 connection with their definitions in order to avoid unit manipulations. 

Analysis The rate of heat transfer to the water and the heat flux are 

Q = 0.60 x 3 kW = 1.8 kW = 1800 W 

A s = ttD 1 / 4 = ;r(0.30m) 2 / 4 = 0.07069 m 2 

q = Q I A s = (1800 W)/(0.07069m 2 ) = 25.46 W/m 2 


Then temperature difference across the bottom of the pan is determined directly from the steady one- 
dimensional heat conduction relation to be 


AT AT- qL - ( 25 ’ 460 W/m 2 X°- 006m ) 

14.9 W/m -°C 


The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface 
temperature can also be used to determine the surface temperature when the heat flux is given. 

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow 
relation to be 


^ nucleate Pi ^ 


fg 


Oq 

S' 

< 

1 

1/2 

' c pA T s~ T sS 

cr 


{ C sfh fg Pr /' J 


25.460 = (0.282 x 10~ 3 )(2257 x 10 3 


“9.81(957.9-0.60)" 

1/2 

4217(7^-100) ' 

0.0589 


v 0.0130(2257xl0 3 )1.75 y 


It gives 

T s = 105.7°C 


which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate 
boiling assumption is valid. 
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10-20 Water is boiled at 84.5 kPa pressure and thus at a saturation (or boiling) temperature of r sat = 95 °C 
in a mechanically polished AISI 304 stainless steel pan placed on top of a 3-kW electric burner. Only 60% 
of the heat (1.8 kW) generated is transferred to the water. The inner surface temperature of the pan and the 
temperature difference across the bottom of the pan are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The 
boiling regime is nucleate boiling (this assumption will be checked later). 4 Heat transfer through the 
bottom of the pan is one-dimensional. 

Properties The properties of water at the saturation temperature of 95°C are (Tables 10-1 and A-9) 


p { =961.5 kg/m 3 

p v = 0.50 kg/m 3 
<t = 0.0599 N/m 
Pr, =1.85 

h fg =2270xl0 3 J/kg 

p { = 0.297 x 10 -3 kg • m/s 
c pl = 4212 J/kg -°C 


P = 84.5 kPa 


Water 95°C 


li li i ' | i k i L i i | i i 

Electric burner, 3 kW 


Also, k stee i = 14.9 W/m-°C (Table A-3), C s/ - = 0.0130 and n- 1.0 for the boiling of water on a 

mechanically polished stainless steel surface (Table 10-3). Note that we expressed the properties in units 
specified under Eq. 10-2 in connection with their definitions in order to avoid unit manipulations. 

Analysis The rate of heat transfer to the water and the heat flux are 

<2 = 0.60 x 3 kW = 1.8 kW = 1 800 W 

A s = xD 2 14 = ;r(0.30 m) 2 /4 = 0.07069 m 2 

q = Q/A s = (1800 W)/(0.07069m 2 ) = 25,460 W/m 2 = 25.46kW/m 2 


Then temperature difference across the bottom of the pan is determined directly from the steady one- 
dimensional heat conduction relation to be 


rj - T 

9 = ^ steel — -> AT = 


qL (25,460 W/m 2 )(0.006m) 


'steel 


14.9 W/m- °C 


= 10.3°C 


The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface temperature can 
also be used to determine the surface temperature when the heat flux is given. 

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow 
relation to be 


Enucleate Pl^fg 


Oq 

S' 

< 

1 

1/2 

A,/(l -lA 

<7 


v c sf h fg Pr " , 


25,460 = (0.297 x 10~ 3 )(2270 x 10 3 ) 


"9.81(961.5-0.50)" 

1/2 

4212(7; -95) ' 

0.0599 


v 0. 01 30(2270 xl0 3 )l. 85 y 


3 


It gives 

T s = 100.9°C 


which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate 
boiling assumption is valid. 
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10-21 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of r sat 
= 100°C by a stainless steel heating element. The surface temperature of the heating element and its power 
rating are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the coffee maker are negligible. 3 
The boiling regime is nucleate boiling (this assumption will be checked later). 


Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9) 

Pi = 957.9 kg/m 3 p = l atm 

p v = 0.60 kg/m 3 
<7 = 0.0589 N/m 
P 17 =1.75 

h fg = 2257 xlO 3 J/kg 

Pi = 0.282 xl0~ 3 kg- m/s 
c pl =4217 J/kg -°C 



Also, C S f = 0.0130 and n= 1.0 for the boiling of water on a stainless steel surface (Table 10-3 ). Note 

that we expressed the properties in units specified under Eq. 10-2 connection with their definitions in order 
to avoid unit manipulations. 

Analysis The density of water at room temperature is very nearly 1 kg/L, and thus the mass of 1 L water at 
18°C is nearly 1 kg. The rate of energy transfer needed to evaporate half of this water in 25 min and the 
heat flux are 


Q = QAt = mk fg - Q = = <0-5kg)(2257kJ/kg) = ^ kw 

fg At (25 x 60s) 

A s = ttDL = ;r(0.04 m)(0.2 m) = 0.025 13m 2 

q = Q/A s = (0.7523 kW)/(0.02513 m 2 ) = 29.94 kW/m 2 = 29,940 W/m 2 


The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface 
temperature can also be used to determine the surface temperature when the heat flux is given. 

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow 
relation to be 


nucleate Pl^fg 


8 (Pi - Pv ) 

1/2 

' c P A T s- T sS 

(7 


{ C *f h f g Pr /' J 


29,940 = (0.282 x 10 -3 )(2257 x 10 3 


“9.81(957.9-0.60)" 

1/2 

4217(7^ -100) ' 

0.0589 


v 0.0130(2257xl0 3 )1.75 y 


It gives 

T s = 106.0°C 


which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate 
boiling assumption is valid. 

The specific heat of water at the average temperature of (14+100)/2 = 57°C is c p = 4.184 kJ/kg-°C. 
Then the time it takes for the entire water to be heated from 14°C to 100°C is determined to be 


Q = QAt = me p AT — » At 


me p AT 

Q 


(1 kg)(4. 1 84 kJ/kg • °C)( 100-1 4)°C 
0.7523 kJ/s 


= 478 s = 7.97 min 
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10-22 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of r sat = 
100°C by a copper heating element. The surface temperature of the heating element and its power rating 
are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the coffee maker are negligible. 3 
The boiling regime is nucleate boiling (this assumption will be checked later). 

Properties The properties of water at the saturation temperature 
of 100°C are (Tables 10-1 and A-9) p _ 1 

p, =957.9 kg/m 3 
p v = 0.60 kg/m 3 
<7 = 0.0589 N/m 
Pr, =1.75 

h fg = 2257 xlO 3 J/kg 

Pi = 0.282 xl0~ 3 kg- m/s 
c pl =4217 J/kg -°C 



Also, C s f = 0.0130 and n = 1.0 for the boiling of water on a copper surface (Table 10-3 ). Note that we 

expressed the properties in units specified under Eq. 10-2 connection with their definitions in order to 
avoid unit manipulations. 

Analysis The density of water at room temperature is very nearly 1 kg/L, and thus the mass of 1 L water at 
18°C is nearly 1 kg. The rate of energy transfer needed to evaporate half of this water in 25 min and the 
heat flux are 

Q = QAt = mk fg - Q = = «>-5 kg)(2257 kl/kg) = ^ kw 

fg At (25 x 60 s) 

A s = trDL = ;r(0.04 m)(0.2 m) = 0.02513 m 2 

q = Q / A s = (0.7523 kW)/(0.02513 m 2 ) = 29.94 kW/m 2 = 29.940 W/m 2 


The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface temperature can 
also be used to determine the surface temperature when the heat flux is given. 

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow 
relation to be 


Enucleate Pl^fg 


g(Pl - Pv) 

Ml 

' c pA T s- T sS 

G 


{ C sfMs Pr /' J 


29.940 = (0.282 x 10~ 3 )(2257 x 10 3 


"9.81(957.9-0.60)' 

1/2 

4217(7, -100) 

0.0589 


v 0.0130(2257xl0 3 )1.75 y 


It gives 

T s = 106.0°C 


which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate 
boiling assumption is valid. 

The specific heat of water at the average temperature of (14+100)/2 = 57°C is c p = 4.184 kJ/kg-°C. 
Then the time it takes for the entire water to be heated from 14°C to 100°C is determined to be 


Q = QAt = me p AT — > A t - 


me p AT 

Q 


(lkg)(4.184kJ/kg- o C)(100-14)°C 
0.7523 kJ/s 


= 478 s = 7.97 min 
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10-23 Water is boiled at a saturation (or boiling) temperature of r sat = 120°C by a brass heating element 
whose temperature is not to exceed T s = 125°C. The highest rate of steam production is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The 
boiling regime is nucleate boiling since AT = T s - T sat = 125 - 120 = 5°C which is in the nucleate boiling 

range of 5 to 30°C for water. 

Properties The properties of water at the saturation temperature of 120°C are (Tables 10-1 and A-9) 

p, =943.4 kg/m 3 

P v - 1.12 kg/m 3 
cr = 0.0550 N/m 
Pr, = 1.44 

h fg = 2203 xlO 3 J/kg 

Pi - 0.232 xlO -3 kg- m/s 
c pl =4244 J/kg -°C 



Water 7>125°C 

120°C { r - 


i 


^ Heating element 

1 


Also, C s f = 0.0060 and n = 1.0 for the boiling of water on a brass surface (Table 10-3). Note that we 

expressed the properties in units specified under Eq. 10-2 in connection with their definitions in order to 
avoid unit manipulations. 

Analysis Assuming nucleate boiling, the heat flux in this case can be determined from Rohsenow relation 
to be 


*7 nucleate Pi ^ 


fg 


g(Pl - P v ) 

Ml 

fp,l( T s ~ T sS 

G 


{ G/ hfg P r ," J 


= (0.232 xl(r 3 )(2203xl0 3 ) 


"9.81(943.4-1.12)" 

1/2 

f 4244(125-120) 

0.0550 


v 0.0060( 2203 x 1 0 3 )1 .44 y 


3 


= 290,300 W/m 2 
The surface area of the heater is 

A s = ttDL = ;r(0.02 m)(0.65 m) = 0.04084 m 2 
Then the rate of heat transfer during nucleate boiling becomes 


£2 boiling = Enucleate = (0.04084 m 2 )(290,300 W/m 2 ) = 1 1,856 W 


( b ) The rate of evaporation of water is determined from 


m 


^boiling 


1 1,856 J/s 


evaporation 


h 


fg 


2203 xlO 3 J/kg 


3600 s 
lh 


A 


19.4kg/h 


Therefore, steam can be produced at a rate of about 20 kg/h by this heater. 
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10-24 Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of r sat = 100°C by 
a horizontal nickel plated copper heating element. The maximum (critical) heat flux and the temperature 
jump of the wire when the operating point jumps from nucleate boiling to film boiling regime are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 

Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9) 

p, =957.9 kg/m 3 


p v =0.5978 kg/m 3 
<r = 0.0589 N/m 

Pr, =1-75 

h fg = 2257 xlO 3 J/kg 

Pi = 0.282 xl0~ 3 kg- m/s 
c pi =4217 J/kg -°C 


P - 1 atm 



Water, 100°C * 


\ 


^ Heating element 

1 


*7 max 


Also, C s j = 0.0060 and n= 1.0 for the boiling of water on a nickel plated surface (Table 10-3 ). Note that 

we expressed the properties in units specified under Eqs. 10-2 and 10-3 in connection with their definitions 
in order to avoid unit manipulations. The vapor properties at the anticipated film temperature of 7} = 
(T,+r sat )/2 of 1000°C (will be checked) (Table A- 16) 

p v = 0.1725 kg/m 3 

c pv = 2471 J/kg • °C 

k v = 0.1362 W/m-°C 

= 4.762 xlO -5 kg/m-s 


Analysis (a) For a horizontal heating element, the coefficient C cr 


Z* = L 


g(Pl - Pv ) 


\ 1/2 


G 


= (0.0015) 


9.8(957.9-0.5978 

0.0589 


C cr = 0.12L* -0 ' 25 =0.1 2(0.60) "°- 25 =0.136 


is determined from Table 10-4 to be 

1/2 


= 0.60 < 1.2 


Then the maximum or critical heat flux is determined from 
<7 max = Ccr hfg [°%Pv (Pi ~ 

= 0. 136(2257 x 10 3 )[0.0589 x 9.8 1 x (0.5978) 2 (957.9 - 0.5978)] 174 

= 1,151,000 W/m 2 


The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface temperature can 
also be used to determine the surface temperature when the heat flux is given. Substituting the maximum 
heat flux into the Rohsenow relation together with other properties gives 


Enucleate Pl^fg 


8 (Pi -Pv) 

Ml 

' C p ,,(Ts ~ T sS 

G 


{ Csfhfs Pr " J 


1,15 1.000 = (0.282 X 10- 3 )(2257 x 10 3 ) 


“9.81(957.9-0.60)' 

1/2 

4217(7; -100) ' 

0.0060 


v 0. 0130(2257 xl0 3 )1.75 y 


3 


It gives 

T s = 100. 9°C 
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( b ) Heat transfer in the film boiling region can be expressed as 


3 . 

# total “ tffilm + “ # rad 


= 0.62 


g^vPviPi - P v )[hf g + 0.4c pv (T s T sat )] 


n 1/4 


p v d ( t s -r sat ) 


4 ^4 




Substituting, 

1,151,000 = 0.62 


9.81(0.1362) 3 (0.1725)(957.9-0.1725)[2257xl0 3 +0.4x2471(7; -100)] 

(4.762 xl0“ 5 )(0.003)(r v -100) 


n 1/4 


X (T s -100') + 1 (0.5X5.67 xlO -8 W/m 2 K 4 )[(r, +273) 4 -(100 + 273) 4 


Solving for the surface temperature gives T s = 1996°C. Therefore, the temperature jump of the wire when 
the operating point jumps from nucleate boiling to film boiling is 

Temperature jump: AT = T s film - T s crii = 1996 - 101 = 1895°C 


Note that the film temperature is (1996+100)/2=1048°C, which is close enough to the assumed value of 
1000°C for the evaluation of vapor paroperties. 
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10-25 EES Prob. 10-24 is reconsidered. The effects of the local atmospheric pressure and the emissivity of 
the wire on the critical heat flux and the temperature rise of wire are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

L=0.3 [m] 

D=0.003 [m] 
epsilon=0.5 
P=1 01 .3 [kPa] 

"PROPERTIES" 

Fluid$='steam_IAPWS' 

T_sat=temperature(Fluid$, P=P, x=1) 
rho_l=density(Fluid$, T=T_sat, x=0) 
rho_v=density(Fluid$, T=T_sat, x=1) 
sigma=SurfaceTension(Fluid$, T=T_sat) 
muJ=Viscosity(Fluid$,T=T_sat, x=0) 

Pr_l=Prandtl(Fluid$, T=T_sat, P=P) 

CJ=CP(Fluid$, T=T_sat, x=0)*Convert(kJ/kg-C, J/kg-C) 
h_f=enthalpy(Fluid$, T=T_sat, x=0) 
h_g=enthalpy(Fluid$, T=T_sat, x=1) 
h_f g = ( h_g - h_f ) * Co n ve rt ( k J/kg , J/kg ) 

C_sf=0.0060 "from Table 1 0-3 of the text" 
n=1 "from Table 10-3 of the text" 

T_vapor=1 000-273 "[C], assumed vapor temperature in the film boiling region" 

rho v_f=density(Fluid$, T=T_vapor, P=P) "f stands for film" 

C_v_f=CP(Fluid$, T=T_vapor, P=P)*Convert(kJ/kg-C, J/kg-C) 
k_v_f=Conductivity(Fluid$, T=T_vapor, P=P) 
mu_v_f=Viscosity(Fluid$,T=T_vapor, P=P) 

g=9.8 [m/s A 2] “gravitational acceleraton" 
sigma_rad=5.67E-8 [W/m A 2-K A 4] ‘ Stefan-Boltzmann constant" 

"ANALYSIS" 

"(a)" 

"C_cr is to be determined from Table 1 0-4 of the text" 

C_cr=0.1 2*L_star A (-0.25) 

L_star=D/2*((g*(rho_l-rho_v))/sigma) A 0.5 
q_dotjmax=C_cr*h_fg*(sigma*g*rho_v A 2*(rhoJ-rho_v)) A 0.25 
q_d ot_n ucl e ate =q_d ot_m ax 

q_dot_nucleate=muJ*h_fg*(((g*(rho_l-rho_v))/sigma) A 0.5)*((C_l*(T_s_crit- 

T_sat))/(C_sf*h_fg*PrJ A n)) A 3 

"(b)" 

q_dot_total=q_dot_film+3/4*q_dot_rad "Heat transfer in the film boiling region" 
q_dot_total=q_dot_nucleate 

q_dot_film=0.62*((g*k_v_f A 3*rho_v_f*(rho_l-rho_v_f)*(h_fg+0.4*C_v_f*(T_s_film- 

T_sat)))/(mu_v_f*D*(T_s_film-T_sat))) A 0.25*(T_s_film-T_sat) 

q_dot_rad=epsilon*sigma_rad*((T_s_film+273) A 4-(T_sat+273) A 4) 

DELTAT=T s film-T s crit 
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P [kPa] 

Qmax [kW/m 2 ] 

AT [C] 

70 

994227 

1865 

71.65 

1003642 

1870 

73.29 

1012919 

1876 

74.94 

1022063 

1881 

76.59 

1031078 

1886 

78.24 

1039970 

1891 

79.88 

1048741 

1896 

81.53 

1057396 

1900 

83.18 

1065939 

1905 

84.83 

1074373 

1909 

86.47 

1082702 

1914 

88.12 

1090928 

1918 

89.77 

1099055 

1923 

91.42 

1107085 

1927 

93.06 

1115022 

1931 

94.71 

1122867 

1935 

96.36 

1130624 

1939 

98.01 

1138294 

1943 

99.65 

1145883 

1947 

101.3 

1153386 

1951 


8 

qmax [kW/m 2 ] 

AT [Cl 

0.1 

1153386 

2800 

0.15 

1153386 

2574 

0.2 

1153386 

2418 

0.25 

1153386 

2299 

0.3 

1153386 

2205 

0.35 

1153386 

2126 

0.4 

1153386 

2059 

0.45 

1153386 

2002 

0.5 

1153386 

1951 

0.55 

1153386 

1905 

0.6 

1153386 

1864 

0.65 

1153386 

1827 

0.7 

1153386 

1793 

0.75 

1153386 

1761 

0.8 

1153386 

1732 

0.85 

1153386 

1705 

0.9 

1153386 

1680 

0.95 

1153386 

1657 

1 

1153386 

1634 
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O 

H 

<1 



O 

H 

<1 
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10-26 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of r sat 
= 100°C in a teflon-pitted stainless steel pan placed on an electric burner. The water level drops by 10 cm 
in 30 min during boiling. The inner surface temperature of the pan is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the pan are negligible. 3 The boiling 
regime is nucleate boiling (this assumption will be checked later). 

Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9) 

p l =957.9 kg/m 3 

p v =0.60 kg/m 3 
<r = 0.0589 N/m 


P = 1 atm 


Pr, =1.75 


100°C 


Water 


£ 


h fg = 2257x10 J/kg 

= 0.282 xlO -3 kg- m/s 
c pi “4217 J/kg • °C Heating 

Also, C s j- = 0.0058 and n = 1.0 for the boiling of water on a teflon-pitted stainless steel surface (Table 10- 

3). Note that we expressed the properties in units specified under Eq. 10-2 connection with their 
definitions in order to avoid unit manipulations. 

Analysis The rate of heat transfer to the water and the heat flux are 


m 


m 


evap 


pAV (957.9 kg/m 3 )0rx (0.2m) 2 /4x0.10m) 


evap 


At 


At 


15x60s 


= 0.003344 kg/s 


Q = m evap /z /g = (0.03344 kg/s)(2257 kJ/kg) = 7.547 kW 
A s = 71 D 2 / 4 = ;r(0.20m) 2 / 4 = 0.03142 m 2 
q — QIA s = (7547 W)/(0.03142 m 2 ) = 240,200 W/m 2 

The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface 
temperature can also be used to determine the surface temperature when the heat flux is given. Assuming 
nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow relation to 
be 


Enucleate Pl ^fg 


g(Pl -Pv) 

1/2 t 

G 

\ 


Cpj( T ,-Tnt) 

Csf hfg Pr/ ! 


\3 


240,200 = (0.282 x 10~ 3 )(2257 x 10 3 ) 


“9.8(957.9-0.60)“ 

1/2 

4217(7; -100) ' 

0.0589 


v 0.0058(2257xl0 3 )1.75 y 


It gives 

r s = 105.3°C 

which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate 
boiling assumption is valid. 
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10-27 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of r sat 
= 100°C in a polished copper pan placed on an electric burner. The water level drops by 10 cm in 30 min 
during boiling. The inner surface temperature of the pan is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the pan are negligible. 3 The boiling 
regime is nucleate boiling (this assumption will be checked later). 

Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9) 

3 


Pi =957.9 kg/m 
p v =0.60 kg/m 3 
<r = 0.0589 N/m 
Pr ; =1.75 

h fs = 2257 xlO 3 J/kg 


P = 1 atm 


100°C 


Water 


L 


p { =0.282x10 3 kg • m/s 
c pl =4217 J/kg- °C 


4 4 4 


Heating 


Also, C s j = 0.0130 and n- 1.0 for the boiling of water on a copper surface (Table 10-3). Note that we 

expressed the properties in units specified under Eq. 10-2 connection with their definitions in order to 
avoid unit manipulations. 

Analysis The rate of heat transfer to the water and the heat flux are 


_ '»evap _ pAV _ (957.9 kg/m 3 )Qrx (0.2m) 2 /4x0.10m) 
evap ~ At ~ At 15 x 60s 

Q = m enp h fg = (0.03344 kg/s)(2257 kJ/kg) = 7.547 kW 

A s = trD 2 /4 = ;r(0.20m) 2 /4 = 0.03142m 2 

q = Q/A s = (7547 W)/(0.03142 m 2 ) = 240,200 W/m 2 


0.003344 kg/s 


The Rohsenow relation which gives the nucleate boiling heat flux for a specified surface 
temperature can also be used to determine the surface temperature when the heat flux is given. Assuming 
nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow relation to 
be 


Enucleate Pi ^fg 


g(Pl -Pv) 

1/2 f 

G 

\ 


Cpj( T ,-Tnt) 

Csf hfg Pr/ ! 


\3 


240,200 = (0.282 x 10~ 3 )(2257 x 10 3 ) 


“9.8(957.9-0.60)“ 

1/2 

4217(7; -100) ' 

0.0589 


v 0.0130(2257xl0 3 )1.75 y 


It gives 

r s = m.9°c 

which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate 
boiling assumption is valid. 
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10-28 Water is boiled at a temperature of T sat = 150°C by hot gases flowing through a mechanically 
polished stainless steel pipe submerged in water whose outer surface temperature is maintained at T s = 165° 
C. The rate of heat transfer to the water, the rate of evaporation, the ratio of critical heat flux to current heat 
flux, and the pipe surface temperature at critical heat flux conditions are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses from the 
boiler are negligible. 3 The boiling regime is nucleate boiling since 
AT = T s - T sat = 165 - 150 = 15°C which is in the nucleate boiling range 

of 5 to 30°C for water. 

Properties The properties of water at the saturation 
temperature of 150°C are (Tables 10-1 and A-9) 

Pi =916.6 kg/m 3 

P v = 2.55 kg/m 3 
cr = 0.0488 N/m 
Pr/ =1.16 

h fg = 21 14xl0 3 J/kg 

Pi =0.183xl0 -3 kg- m/s 
c pl =4311 J/kg • °C 



§(Pl - Pv) 

1/2 


cr 


l C sfh fg Pr," J 


Also, C s f = 0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless steel surface 

(Table 10-3). Note that we expressed the properties in units specified under Eq. 10-2 in connection with 
their definitions in order to avoid unit manipulations. 

Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be 

^nucleate — Pl^fg 


= (0.183x10" 3 )(2114x10 3 ) 


= 1,383,000 W/m z 
The heat transfer surface area is 

A s = ttDL = ^-(0.05 m)(50m) = 7.854m 2 
Then the rate of heat transfer during nucleate boiling becomes 

exiling = A s 4 nucleate =(7.854m 2 )(l, 383.000 W/m 2 ) = 10,865,000 W 
( b ) The rate of evaporation of water is determined from 

^boiling 10,865 kJ/s 


"9.8(916.6-2.55)“ 

1/2 

( 4311(165-150) 

0.0488 


v 0.01 30(21 14 xl0 3 )1.16 y 


m 


evaporation 


h 


5.139 kg/s 


, fg 2114kJ/kg 

(c) For a horizontal cylindrical heating element, the coefficient C cr is determined from Table 10-4 to be 


L* = L 


g(Pi ~Pv) 


\ 1/2 


cr 


= (0.025) 


9.8(916.6-2.55) 

0.0488 


\ 1/2 


= 10.7 > 1.2 


C cr = 0. 12 (since L * > 1.2 and thus large cylinder) 
Then the maximum or critical heat flux is determined from 
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^max 


Therefore, 


C cr h fg [agPv(pi - A .)] 1/4 

0.12(21 14 x 10 3 )[0.0488 x 9.8 x (2.55) 2 (916.6 - 2.55)] 1/4 
1,852,000 W/m 2 

g mm 1,852,000 1J4 

*7 current 1,383,000 


( J) The surface temperature of the pipe at the burnout point is determined from Rohsenow relation at the 
critical heat flux value to be 


nucleate, cr = p,h 


fg 


Oq 

S' 

< 

1 

1/2 

^ p,l s,cr -^sat ) 

G 


l Csfh fg K ) 


1,852,000 = (0.183x10~ 3 )(2114x10 3 ) 


"9.8(916.6-2.55)" 

1/2 

f 4311(7y cr -150) 3 

0.0488 


v 0.0130(2114xl0 3 )1.16 y 


T s cr - 166.5°C 
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10-29 Water is boiled at a temperature of r sat = 160°C by hot gases flowing through a mechanically 
polished stainless steel pipe submerged in water whose outer surface temperature is maintained at T s = 165° 
C. The rate of heat transfer to the water, the rate of evaporation, the ratio of critical heat flux to current heat 
flux, and the pipe surface temperature at critical heat flux conditions are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses from the 

boiler are negligible. 3 The boiling regime is nucleate boiling since 

AT = T s - T sat = 165 - 160 = 5°C which is in the nucleate boiling range of 5 

to 30°C for water. 

Properties The properties of water at the saturation temperature of 
160°C are (Tables 10-1 and A-9) 

p { = 907.4 kg/m 3 

P v =3.26 kg/m 3 
cr = 0.0466 N/m 
Pr ; =1.09 

h fg = 2083 xlO 3 J/kg 

Pi =0.170xl0 -3 kg- m/s 
c pl =4340 J/kg -°C 



Also, C s f = 0.0130 and n= 1.0 for the boiling of water on a mechanically polished stainless steel surface 

(Table 10-3 ). Note that we expressed the properties in units specified under Eq. 10-2 in connection with 
their definitions in order to avoid unit manipulations. 

Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be 


^nucleate Pi ^ 


g(Pl -Pv) 

1/2 

fpA r s -Latf 

a 


l C sfhf g Pr/ 1 J 


"9.8(907.4-3.26)" 

1/2 

( 4340(165-160) 

0.0466 


v 0. 01 30(2083 xl0 3 )l. 09 y 


fg 


= (0.170x10" 3 )(2083x10 3 ) 


= 61,359 W/m 2 
The heat transfer surface area is 

A s = kDL = ^-(0.05 m)(50m) = 7.854m 2 
Then the rate of heat transfer during nucleate boiling becomes 

exiling = Enucleate = (7-854 m 2 )(6 1,359 W/m 2 ) = 481 ,900 W 
( b ) The rate of evaporation of water is determined from 

2 boiling 481.9 kJ/s 


m 


evaporation 


h 


fg 


2083 kJ/kg 


0.231 kg/s 


(c) For a horizontal cylindrical heating element, the coefficient C cr is determined from Table 10-4 to be 


L* = L 


g(Pl - P v ) 


1/2 


cr 


= (0.025) 


9.8(907.4-3.26) 

0.0466 


\ 1/2 


= 10.9 > 0.12 


C cr = 0. 12 (since L * > 1.2 and thus large cylinder) 
Then the maximum or critical heat flux is determined from 
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^max 


Therefore, 


C cr h fg [agp;(p, - a.)] 1M 

0. 12(2083 x 10 3 )[0.0466 x 9.8 x (3.26) 2 (907.4 - 3.26)] 1/4 
2,034,000 W/m 2 

q mm 2,034,000 3 ^ 2 

*7 current 61,359 


( d) The surface temperature of the pipe at the burnout point is determined from Rohsenow relation at the 
critical heat flux value to be 


^ nucleate, cr = p,h 


fg 


o 9 

i 

1/2 

^ p,l ^ s,cr -^sat ) 

cr 


l c « h fg Pr /" J 


2,034,000 = (0. 1 70 x 1 0~ 3 )(2083 x 1 0 3 ) 


"9.8(907.4-3.26)' 

1/2 

( 4340(r scr -160) 2 

0.0466 


v 0. 01 30(2083 x 10 3 )1. 09 y 


T s , cr = 176.1°C 
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10-30E Water is boiled at a temperature of r sat = 250°F by a nickel-plated heating element whose surface 
temperature is maintained at T s = 280°F. The boiling heat transfer coefficient, the electric power consumed, 
and the rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The 
boiling regime is nucleate boiling since AT = T s - T sat = 280 - 250 = 30° F which is in the nucleate boiling 

range of 9 to 55 °F for water. 

Properties The properties of water at the saturation temperature of 250°F are (Tables 10-1 and A-9E) 
p, = 58.82 lbm/ft 3 
p v =0.0723 lbm/ft 3 

<r = 0.003755 lbf/ft = 0.1208 lbm/s 2 
Pr ; =1.43 

hj g = 946 Btu/lbm 

ju, = 1.544 xlO" 4 lbm/ft • s = 0.556 lbm/ft • h 
c pl =1.015 Btu/lbm- °F 



S'f /• I > 28rF J 


1 


^ Heating element 



Also, g = 32.2 ft/s and C s y = 0.0060 and n = 1.0 for the boiling of water on a nickel plated surface 

(Table 10-3). Note that we expressed the properties in units that will cancel each other in boiling heat 
transfer relations. 

Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be 


Enucleate Pl^fg 


8 (Pi - Pv ) 

1/2 

A,/(L -Lat)" 

<J 


v C *f h fg Pr " , 


= (0.556)(946) 


"32.2(58.82-0.0723)“ 

1/2 

"1.015(280-250)' 

0.1208 


( 0.0060(946)1 .43 J 


= 3,475,221 Btu/h- ft 


Then the convection heat transfer coefficient becomes 


q = h(T s -r sat ) -> h 




3,475,221 Btu/h -ft 2 
(280-250)°F 


= 115,840 Btu/h ft 2 °F 


(b) The electric power consumed is equal to the rate of heat transfer to the water, and is determined from 

W e =Q = qA s = ( nDL)q = {k x 0.5 / 12 ft x 2 ft)(3, 475,221 Btu/h • ft : 2 ) = 909,8 1 1 Btu/h 
= 266.7 kW (since 1 kW = 34 1 2 Btu/h) 


(c) Finally, the rate of evaporation of water is determined from 


m 


evaporation 


^boiling 



909,811 Btu/h 
946 Btu/lbm 


= 961.7 lbm/h 
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10-31E Water is boiled at a temperature of r sat = 250°F by a platinum-plated heating element whose 
surface temperature is maintained at T s = 280°F. The boiling heat transfer coefficient, the electric power 
consumed, and the rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The 
boiling regime is nucleate boiling since AT = T s - T sat = 280-250 = 30°F which is in the nucleate boiling 

range of 9 to 55°F for water. 

Properties The properties of water at the saturation temperature of 250°F are (Tables 10-1 and A-9E) 
p, = 58.82 lbm/ft 3 
p v =0.0723 lbm/ft 3 

a = 0.003755 lbf/ft = 0.1208 lbm/s 2 
P 17 =1.43 

hj g - 946 Btu/lbm 

ju, = 1.544 xlO " 4 lbm/ft • s = 0.556 lbm/ft • h 
c pl =1.015 Btu/lbm- °F 

Also, g = 32.2 ft/s and C s y = 0.0130 and n— 1.0 for the boiling of water on a platinum plated surface 

(Table 10-3). Note that we expressed the properties in units that will cancel each other in boiling heat 
transfer relations. 



Srr / r -= 280 “ F n 


1 


^ Heating element 



Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be 


Q nucleate A/ ^ 


fg 


8 (Pi - Pv ) 

1/2 

' c p,l( T s ~ T sS 

(7 


{ C sfhf g Fr J 


= (0.556X946) 


"32.2(58.82-0.0723)“ 

1/2 

1.015(280-250) 

0.1208 


v 0. 0130(0. 1208xl0 3 )1.43 y 


= 341,670 Btu/h- ft 


Then the convection heat transfer coefficient becomes 


q = h(T s 


— Lat ) h 




341,670Btu/h-ft 2 

(280-250)°F 


11,390 Btu/h ft 2 °F 


(b) The electric power consumed is equal to the rate of heat transfer to the water, and is determined from 

W e =Q = qA s = (nDL)q = (ttx 0.5 / 12 ft x 2 ft)(341, 670 Btu/h -ft 2 ) = 89, 450 Btu/h 
= 26.2 kW (since 1 kW = 34 1 2 Btu/h) 


(c) Finally, the rate of evaporation of water is determined from 


m 


evaporation 



boiling 



89,450 Btu/h 
946 Btu/lbm 


94.6 lbm/h 
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10-32E EES Prob. 10-30E is reconsidered. The effect of surface temperature of the heating element on the 
boiling heat transfer coefficient, the electric power, and the rate of evaporation of water is to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_sat=250 [F] 

L=2 [ft] 

D=0.5/12 [ft] 

T_s=280 [F] 

"PROPERTIES" 

Fluid$='steam_IAPWS' 

P_sat=pressure(Fluid$, T=T_sat, x=1) 
rho_l=density(Fluid$, T=T_sat, x=0) 
rho_v=density(Fluid$, T=T_sat, x=1) 

sigma=SurfaceTension(Fluid$, T=T_sat)*Convert(lbf/ft, lbm/s A 2) 
muJ=Viscosity(Fluid$,T=T_sat, x=0) 

Pr_l=Prandtl(Fluid$, T=T_sat, P=P_sat+1) "P=P_sat+1 is used to get liquid state" 

CJ=CP(Fluid$, T=T_sat, x=0) 

h_f=enthalpy(Fluid$, T=T_sat, x=0) 

h_g=enthalpy(Fluid$, T=T_sat, x=1) 

h_fg=h_g-h_f 

C_sf=0.0060 "from Table 1 0-3 of the text" 
n=1 "from Table 10-3 of the text" 
g=32.2 [ft/s A 2] 

"ANALYSIS" 

"(a)" 

q_dot_nucleate=muJ*h_fg*(((g*(rho_l-rho_v))/sigma) A 0.5)*((C_l*(T_s- 

T_sat))/(C_sf*h_fg*Pr_l A n)) A 3 

q_dot_nucleate=h*(T_s-T_sat) 

"(b)" 

W_dot_e=q_dot_nucleate*A*Convert(Btu/h, kW) 

A=pi*D*L 

"(c)" 

m_dot_evap=Q_dot_boiling/h_fg 
Q_dot_boiling=W_dot_e*Convert(kW, Btu/h) 


TJF] 

h [Btu/h.ft 2 .F] 

W e [kW] 

m evaD [lbm/h] 

260 

12908 

9.903 

35.74 

262 

18587 

17.11 

61.76 

264 

25299 

27.18 

98.07 

266 

33043 

40.56 

146.4 

268 

41821 

57.76 

208.4 

270 

51630 

79.23 

285.9 

272 

62473 

105.5 

380.5 

274 

74348 

136.9 

494.1 

276 

87255 

174.1 

628.1 

278 

101195 

217.4 

784.5 

280 

116168 

267.4 

964.9 

282 

132174 

324.5 

1171 

284 

149212 

389.2 

1405 
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[Ibm/h] h [Btu/h-ft A 2-F] 
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286 

167282 

462.1 

1667 

288 

186386 

543.4 

1961 

290 

206521 

633.8 

2287 

292 

227690 

733.7 

2648 

294 

249891 

843.6 

3044 

296 

273125 

964 

3479 

298 

297391 

1095 

3952 

300 

322690 

1238 

4467 
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10-33 Cold water enters a steam generator at 15°C and is boiled, and leaves as saturated vapor at r sat = 
200°C. The fraction of heat used to preheat the liquid water from 15°C to saturation temperature of 200°C 
is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses from the steam generator are negligible. 


Properties The heat of vaporization of water at 200°C is h ig =1941 kJ/kg 
and the specific heat of liquid water at the average temperature of (15+200)/2 
= 107.5°C is c pl =4.226 kJ/kg °C (Table A-9). 

Analysis The heat of vaporization of water represents the amount of heat 
needed to vaporize a unit mass of liquid at a specified temperature. Using the 
average specific heat, the amount of heat needed to preheat a unit mass of 
water from 15°C to 200°C is determined to be 

Q preheating = c pl AT = (4.226 kJ/kg • °C)(200 - 15)°C = 782 kJ/kg 

and C [ total — *7 boiling + *7 preheating — 1941 + 782 — 2723 kJ/kg 

Therefore, the fraction of heat used to preheat the water is 

Fraction to preheat = j | piehedtin U - = 0.287 (or 28.7 %) 

total 2723 



10-34 Cold water enters a steam generator at 20°C and is boiled, and leaves as saturated vapor at boiler 
pressure. The boiler pressure at which the amount of heat needed to preheat the water to saturation 
temperature is equal to the heat of vaporization is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the steam generator are negligible. 

Properties The properties needed to solve this problem are the heat of 
vaporization hf g and the specific heat of water c p at specified temperatures, 
and they can be obtained from Table A-9. 

Analysis The heat of vaporization of water represents the amount of heat 
needed to vaporize a unit mass of liquid at a specified temperature, and 
c AT represents the amount of heat needed to preheat a unit mass of water 

from 20°C to the saturation temperature. Therefore, 

*7 preheating — *7 boiling 
c p,avg C^sat “ 2 °) = h fg @ T sat 

The solution of this problem requires choosing a boiling temperature, reading 
the heat of vaporization at that temperature, evaluating the specific heat at the 
average temperature, and substituting the values into the relation above to see 
if it is satisfied. By trial and error, the temperature that satisfies this condition 
is determined to be 315°C at which (Table A-9) 

hf g @3\5°c = 1281 kJ/kg and T avg = (20+3 15)/2= 167.5°C -> c pavg =4.36 kJ/kg °C 
Substituting, 

c p avg (r sat - 20) = (4.36 kJ/kg • °C)(3 15 - 20)°C = 1289 kJ/kg 
which is practically identical to the heat of vaporization. Therefore, 

^boiler = ^sat @ T sal = 1®*® MPa 


Steam 

generator 


n Steam 
100°C 


Water, 100°C 


Water, 20°C 
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10-35 EES Prob. 10-34 is reconsidered. The boiler pressure as a function of the cold water temperature is 
to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_cold=20 [C] 

"ANALYSIS" 

Fluid$='steam_IAPWS' 

q_preheating=q_boiling 

q_preheating=c_p*(T_sat-T_cold) 

T_sat=temperature(Fluid$, P=P, x=1) 

c_p=CP(Fluid$, T=T_ave, x=0) 

T_ave=1/2*(T_cold+T_sat) 

q_boiling=h_fg 

h_f=enthalpy(Fluid$, T=T_sat, x=0) 
h_g=enthalpy(Fluid$, T=T_sat, x=1) 
h_f g = h_g - h_f 


Tcoid [C] 

P [kPa] 

0 

9726 

1 

9766 

2 

9806 

3 

9846 

4 

9886 

5 

9926 

6 

9966 

7 

10006 

8 

10046 

9 

10086 

10 

10127 

11 

10167 

12 

10207 

13 

10247 

14 

10287 

15 

10328 

16 

10368 

17 

10408 

18 

10449 

19 

10489 

20 

10529 

21 

10570 

22 

10610 

23 

10650 

24 

10691 

25 

10731 

26 

10772 

27 

10812 

28 

10852 

29 

10893 

30 

10933 
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10-36 Boiling experiments are conducted by heating water at 1 atm pressure with an electric resistance 
wire, and measuring the power consumed by the wire as well as temperatures. The boiling heat transfer 
coefficient is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses 
from the water are negligible. 

Analysis The heat transfer area of the heater wire is 

4 = 7iDL = /r(0.002 m)(0.50 m) = 0.003142m 2 

Noting that 3800 W of electric power is consumed when the 
heater surface temperature is 130°C, the boiling heat transfer 
coefficient is determined from Newton’s law of cooling to be 


1 atm 


^130‘C 

1 


Heating wire, 3.8 kW 

_l 


Q = hA s (T s -T, dt ) -> h = 


Q 


3800 W 


A S (T S -r sat ) (0.003 142m 2 )(130-l 00)°C 


= 40,320 W/m 2 °C 


10-37 Water is boiled at T sat = 120°C in a mechanically polished stainless steel pressure cooker whose 
inner surface temperature is maintained at T s = 132°C. The boiling heat transfer coefficient is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 

Properties The properties of water at the saturation temperature of 120°C are (Tables 10-1 and A-9) 
p, = 943 .4 kg/m 3 h fg = 2203 x 1 0 3 J/kg 


p v =1.121 kg/m 3 p { =0.232x10 3 kg/m-s 
cr = 0.0550 N/m c pl = 4244 J/kg • °C 


Pr, =1.44 


Water 


120°C 
132°C 


L 


rrrrrrn 


Heating 


Also, C s j = 0.0130 and n= 1.0 for the boiling of water on a 

mechanically polished stainless steel surface (Table 10-3). Note 
that we expressed the properties in units specified under Eq. 10-2 
in connection with their definitions in order to avoid unit 
manipulations. 

Analysis The excess temperature in this case is AT = T s —T sat = 132 -120 = 12°C which is relatively low 

(less than 30°C). Therefore, nucleate boiling will occur. The heat flux in this case can be determined from 
Rohsenow relation to be 


^ nucleate A / 


g(Pl -Pv) 

1/2 

" c pA T s ~ T saS 

G 


{ c sf h f g Pr " J 


fg 


= (0.232x 10 _3 )(2203x 10 3 ) 


"9.8(943.4-1.121)“ 

1/2 

( 4244(132-120) 

0.0550 


v 0. 01 30(2203 xl0 3 )l. 44 y 


= 394,600 W/m 2 

The boiling heat transfer coefficient is 

^nucleate — ^(T s — ) > h — 


nucleate 13,715 W/m 


T -T 

1 s 1 sat 


(132-120)°C 


32,880 W/m 2 C 
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10-38 Water is boiled at r sat = 100°C by a spherical platinum heating element immersed in water. The 
surface temperature is T s = 350°C. The rate of heat transfer is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 

Properties The properties of water at the saturation temperature of 100°C are (Table A-9) 
h fg = 2257 xlO 3 J/kg 
p, =957.9 kg/m 3 

The properties of water vapor at (350+100)/2 = 225 °C 
are (Table A- 16) 

p v =0.444 kg/m 3 

ju v = 1.749 xlO -5 kg/m-s 

c pv = 1951 J/kg -°C 

k v = 0.03581 W/m -°C 

Analysis The film boiling occurs since the temperature difference between the surface and the fluid. The 
heat flux in this case can be determined from 



7m,n = 0.67 


= 0.67 


gkvPjp, -P v )[h fg +0.4 c pv (T s ^sat )J 


n 1/4 


p v d(t s - r sat ) 


(9.81)(0.03581) 3 (0.444)(957.9 - 0.444) 


(T s -r sat ) 


2257 xlO 3 +0.4(1951)(350-100) 


nl/4 


(1. 749 xl0“ 5 )(0. 15)(350 -100) 


(350-100) 


= 25,207 W/m 


The radiation heat transfer is 

q rad = sa(T 4 - 7+ ) = (0.1 0)(5.67 x l(r 8 )[(350 + 273) 4 - (100 + 273) 4 J = 745 W/nV 


The total heat flux is 

4 total = *7 film + 1 '(rad = 25.207 + 1 (745) = 25.766 W/m 2 

Then the total rate of heat transfer becomes 

G total = ^7 total = ^(0.1 5) 2 (25,766 W/m 2 ) = 1821 W 
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Condensation Heat Transfer 

10-39C Condensation is a vapor-to-liquid phase change process. It occurs when the temperature of a vapor 
is reduced below its saturation temperature T sat . This is usually done by bringing the vapor into contact with 
a solid surface whose temperature T s is below the saturation temperature r sat of the vapor. 


10-40C In film condensation , the condensate wets the surface and forms a liquid film on the surface 
which slides down under the influence of gravity. The thickness of the liquid film increases in the flow 
direction as more vapor condenses on the film. This is how condensation normally occurs in practice. In 
dropwise condensation, the condensed vapor forms droplets on the surface instead of a continuous film, 
and the surface is covered by countless droplets of varying diameters. Dropwise condensation is a much 
more effective mechanism of heat transfer. 


10-41C In condensate flow, the wetted perimeter is defined as the length of the surface-condensate 
interface at a cross-section of condensate flow. It differs from the ordinary perimeter in that the latter refers 
to the entire circumference of the condensate at some cross-section. 


10-42C The modified latent heat of vaporization hj g is the amount of heat released as a unit mass of vapor 
condenses at a specified temperature, plus the amount of heat released as the condensate is cooled further 

■i* 

to some average temperature between r sat and T s . It is defined as hj g = hj g + 0.68 c pl (T sat —T s ) where c p! 
is the specific heat of the liquid at the average film temperature. 

10-43C During film condensation on a vertical plate, heat flux at the top will be higher since the thickness 
of the film at the top, and thus its thermal resistance, is lower. 


10-44C Setting the heat transfer coefficient relations for a vertical tube of height L and a horizontal tube 
of diameter D equal to each other yields L = 2.77 D, which implies that for a tube whose length is 2.77 
times its diameter, the average heat transfer coefficient for laminar film condensation will be the same 
whether the tube is positioned horizontally or vertically. For L = 10D, the heat transfer coefficient and thus 
the heat transfer rate will be higher in the horizontal position since L > 2.77 D in that case. 


10-45C The condensation heat transfer coefficient for the tubes will be the highest for the case of 
horizontal side by side (case b) since (1) for long tubes, the horizontal position gives the highest heat 
transfer coefficients, and (2) for tubes in a vertical tier, the average thickness of the liquid film at the lower 
tubes is much larger as a result of condensate falling on top of them from the tubes directly above, and thus 
the average heat transfer coefficient at the lower tubes in such arrangements is smaller. 


10-46C The presence of noncondensable gases in the vapor has a detrimental effect on condensation heat 
transfer. Even small amounts of a noncondensable gas in the vapor cause significant drops in heat transfer 
coefficient during condensation. 
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10-47 The hydraulic diameter D h for all 4 cases are expressed in terms of the boundary layer thickness 5 as 
follows: 


(a) Vertical plate: 


( b ) Tilted plate: 


(< e ) Sphere: 


Du = 


Du = 


(c) Vertical cylinder: D h = 


(d) Horizontal cylinder: D h = 


Du = 


4A C 

4 wS 

= =4 

P 

w 

4A C 

4wS 

P 

i 

w 


4ttD8 

P 

7tD 

4 A c 

4(2 L8) 

P 

2 L 

4A C 

4 7rD8 

P 

7rD 


= 48 


Therefore, the Reynolds number for all 5 cases can be expressed as 
Re = = AA cPi y i = D hPi y i = 4S Pi v i 


PPi 


PPi 


Pi 


Pi 


10-48 There is film condensation on the outer surfaces of N horizontal tubes arranged in a vertical tier. The 
value of N for which the average heat transfer coefficient for the entire tier be equal to half of the value for 
a single horizontal tube is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis The relation between the heat transfer coefficients for the two cases 
is given to be 

hi 



h 


1 horizontal, 1 tube 


horizontal, N tubes 


N 


1/4 



Therefore, 

h 



horizontal, N tubes 


h 


horizontal, 1 tube 


1 

2 


N 


1/4 


■» N = 16 
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10-49 Saturated steam at atmospheric pressure thus at a saturation temperature of r sat = 100°C condenses 
on a vertical plate which is maintained at 90°C by circulating cooling water through the other side. The rate 
of heat transfer to the plate and the rate of condensation of steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The plate is isothermal. 3 The condensate flow is 
wavy-laminar over the entire plate (this assumption will be verified). 4 The density of vapor is much 
smaller than the density of liquid, p v « p { . 


• • • 3 

Properties The properties of water at the saturation temperature of 100°C are hj g = 2257x1 (T J/kg and p v 
= 0.60 kg/m 3 . The properties of liquid water at the film temperature of T ' j = (T sul + T s ) / 2 = (100 + 90)/2 = 


95°C are (Table A-9), 

p { =961.5 kg/m 3 
p { - 0.297 xlO -3 kg/m- s 
v z =p l /p l = 0.309 xl0“ 6 m 2 /s 
c p i = 4212 J/kg -°C 

1 3 m 

k, = 0.677 W/m- °C 

Analysis The modified latent heat of vaporization is 

h f g = h f g +°- 6 * c pi( T m-Ts) 

= 2257 x 1 0 3 J/kg + 0.68 x 42 1 2 J/kg • °C( 1 00 - 90)°C 



1 atm 
Steam 


Assuming wavy-laminar flow, the Reynolds number is determined from 


Re = Re 


vertical, wavy 


4.81 + 


3.70Lk/(r sat -T s ) 


r \ 1/3 
8 


n 0.820 


M fg 


\ v i j 


/| OJ 3.70 x (3 m) x (0.677 W/m • °C) x (100 - 90)°C 

( 9 \ 

9.8 m/s“ 

1/3 

(0.297 x 10 ~ 3 kg/m • s)(2286 x 10 3 J/kg) 

v (0.309xl0~ 6 m 2 / s ) 2 j 



-i 0.82 


= 1112 


which is between 30 and 1800, and thus our assumption of wavy laminar flow is verified. Then the 
condensation heat transfer coefficient is determined to be 


h = h 


Rek, 


vertical, wavy 


1.08 Re 122 -5.2 


1 1 12 x (0.677 W/m-°C) 


1.08(1 1 12) 1 22 -5.2 


r \ 1/3 
2 

V v / 7 

9.8 m/s 


X 1/3 


(0.309 x 10 -6 m 2 /s ) 2 


= 6279 W/m 2 • °C 


The heat transfer surface area of the plate is 
A s = W x L = (3 m )(8 m) = 24 m 2 


Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T sat -T s ) = (6279 W/m 2 • °C)(24 m 2 )(100 - 90)°C = 1 .506,960 W = 1507 kW 


( b ) The rate of condensation of steam is determined from 


m 


condensation 



1,506,960 J/s 
2286 xlO 3 J/kg 


0.659 kg/s 
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10-50 Saturated steam at a saturation temperature of r sat = 100°C condenses on a plate which is tilted 60° 
from the vertical and maintained at 90°C by circulating cooling water through the other side. The rate of 
heat transfer to the plate and the rate of condensation of the steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The plate is isothermal. 3 The condensate flow is 
wavy-laminar over the entire plate (this assumption will be verified). 4 The density of vapor is much 
smaller than the density of liquid, p v « p { . 

Properties The properties of water at the saturation temperature of 100°C are /z fg = 2257xl0 3 J/kg and p v 
= 0.60 kg/m 3 . The properties of liquid water at the film temperature of T f = (T sat + T s ) / 2 = (100 + 90)/2 = 


95°C are (Table A-9), 

p { =961.5 kg/m 3 

p { = 0.297 xlO -3 kg/m- s 
v z = /// / p x = 0.309 xl0‘ 6 m 2 /s 
c pl = 4212 J/kg -°C 
k l =0.677 W/m-°C 

Analysis The modified latent heat of vaporization is 

h fg = h fg + 0 - 68 c /? /( r sat- r ,) 

= 2257 x 1 0 3 J/kg + 0.68 x 42 1 2 J/kg • °C( 1 00 - 90)°C 
= 2,286xl0 3 J/kg 

Assuming wavy-laminar flow, the Reynolds number is determined from 
the vertical plate relation by replacing g by g cos 0 where 0 = 60° to be 


Re Re tilted, wavy 


1 atm 
Steam 



3J0Lk, (7U t -77) 

A Q la / v sat s' 

f ^ 

g cos 60 

1/3 

* .ox i 

Vi h f S 

l v? ) 



;| OJ | 3.70 x (3 m)x (0.677 W/m -°C)x (100 -90)°C 

(9.8 m/s 2 ) cos 60 ^ 

1/3 

(0.297 x 10 -3 kg/m • s)(2286 x 10 3 J/kg) 

v (0.309xl0 -6 m 2 / s) 2 j 



“i 0.82 


= 920.5 


which is between 30 and 1800, and thus our assumption of wavy laminar flow is verified. Then the 
condensation heat transfer coefficient is determined from 


h = h 

u tilted, wavy 


R eki 


/ N!/3 

g cos 0 


1.08 Re 1 ' 22 -5.2 


V 


920.5 x (0.677 W/m-°C) 


1 .08(920.5) 1-22 -5.2 


(9.8 m/s 2 ) cos 60 
(0.309 xlO -6 m 2 /s) 2 


= 5196 W/m °C 


2 

The heat transfer surface area of the plate is A s = W*L = ( 3 m)(8 m) = 24 m . 

Then the rate of heat transfer during this condensation process becomes 

Q = hA s (J sat - T s ) = (5196 W/m 2 • °C)(24 m 2 )(100 - 90)°C = 1.247,040 W = 1247 kW 
( b ) The rate of condensation of steam is determined from 


^condensation * 

h 


Q 1,247,040 J/s 


= 0.546 kg/s 


v fg 2286x10 J/kg 

Discussion Using the heat transfer coefficient determined in the previous problem for the vertical plate, we 
could also determine the heat transfer coefficient from h mc Hned = /z vert (cos#) 1/4 . It would give 5280 W/m 2 
•°C, which is 2.3% different than the value determined above. 
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10-51 Saturated steam condenses outside of vertical tube. The rate of heat transfer to the coolant, the rate 
of condensation and the thickness of the condensate layer at the bottom are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The tube can be treated as a 
vertical plate. 4 The condensate flow is wavy-laminar over the entire tube (this assumption will be 
verified). 5 Nusselt’s analysis can be used to determine the thickness of the condensate film layer. 6 The 
density of vapor is much smaller than the density of liquid, p v « p { . 

Properties The properties of water at the saturation temperature of 30°C are /z fg = 2431xl0 3 J/kg and p v = 
0.03 kg/m 3 . The properties of liquid water at the film temperature of Tj = (T sal + T S )1 2- (30 + 20)/2 = 

25°C are (Table A-9), 


Pi =997.0 kg/m 


p { =0.891x10 3 kg/m*s 

v t = Pt I Pi =0.894xl0" 6 m 2 /s 
c pl = 4180 J/kg -°C 
k t =0.607 W/m-°C 

Analysis (a)The modified latent heat of vaporization is 
h f g = h fg +0.68 c p i(T^-T s ) 

= 243 1 x 1 0 3 J/kg + 0.68x4180 J/kg • °C(30 - 20)°C = 2459 x 1 0 3 J/kg 
Assuming wavy-laminar flow, the Reynolds number is determined from 

/ N 1/3 _, °- 820 

3J0Lk,(T sat -T s ) 



Re = Re 


vertical, wavy 


4.81 + 


Pi h \ 


8 


( \ 

1/3 

8 


U 2 J 



/] ( 3.70 x (2 m) x (0.607 W/m • °C) x (30 - 20)°C 

9.8 m/s“ 

1/3 

(0.891 xlO -3 kg/m • s)(2459 x 10 3 J/kg) 

v (0.894 xlO -6 m 2 /s) 2 y 



-| 0.82 


= 157.3 


which is between 30 and 1800, and thus our assumption of wavy laminar flow is verified. Then the 
condensation heat transfer coefficient is determined to be 


h = h 


Rek, 


vertical, wavy 


1.08 Re 1,22 -5.2 


157.3 x (0.607 W/m • °C) 


1 .08(157.3) 1 22 -5.2 


r \ 1/3 
_ 8 _ 

2 

V v / 7 


9.8 m/s 


X 1/3 


(0.894xl0~ 6 m 2 /s) 


= 4302 W/m z • °C 


The heat transfer surface area of the tube is = kDL = ^(0.04 m)(2 m) = 0.25 13 m . Then the rate of heat 

transfer during this condensation process becomes 

Q = hA s (r sat -T s ) = ( 4302 W/m 2 • °C)(0.25 13 m 2 )(30 - 20)°C = 10,811 W 
(b) The rate of condensation of steam is determined from 


Q 


yyi — 

condensation >1= 

h 


10,811 J/s 


= 4.40x10 3 kg/s 


2459x10 J/kg 

(c) Combining equations 8 L =k { / h t and h = ( 4 / 3 )h L , the thickness of the liquid film at the bottom of 
the tube is determined to be 

4(0.607 W/m-°C) 


e 4* z 
8 L = 


3 h 3(4302 W/m 2 -°C) 


= 0.188 x 10 3 m = 0.2 mm 
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10-52E Saturated steam at a saturation temperature of r sat = 95 °F condenses on the outer surfaces of 
horizontal pipes which are maintained at 65 °F by circulating cooling water. The rate of heat transfer to the 
cooling water and the rate of condensation per unit length of a single horizontal pipe are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The pipe is isothermal. 3 There is no interference 
between the pipes (no drip of the condensate from one tube to another). 

Properties The properties of water at the saturation temperature of 95 °F are h fg = 1040 Btu/lbm and p v = 
0.0025 lbm/ft 3 . The properties of liquid water at the film temperature of T ^ = (T sat + T S ) / 2 = (95 + 65)/2 = 

80°F are (Table A-9E), 


p, = 62.22 lbm/ft 3 

Pi = 5.764 xl0“ 4 lbm/ft • s = 2.075 lbm/ft • h 

v z = Pi = 0.03335 ft 2 /h 
c pl = 0.999 Btu/lbm • °F 
k, = 0.352 Btu/h- ft -°F 


Steam 

95°F 


65 °F 




Condensate 

Analysis The modified latent heat of vaporization is * " fj ow T 

= h fg + 0.68c pl (T sat - T s ) 

= 1 040 Btu/lbm + 0.68 x (0.999 Btu/lbm • °F)(95 - 65)°F 
= 1060 Btu/lbm 

Noting that we have condensation on a horizontal tube, the heat transfer coefficient is determined from 


h = \oriz = °- 729 


8Pl ( Pi ~Pv) h fg k l 
Pi (^sat ~ T s ~)D 


= 0.729 


(32.2 ft/s 2 )(62.22 lbm/ft 3 )(62.22 - 0.0025 lbm/ft 3 )(1060 Btu/lbm)(0.352 Btu/h • ft • °F) 3 


[(1 h/3600 s) 2 ](2.075 lbm/ft • h)(95 - 65)°F(1/12 ft) 


= 1420 Btu/h -ft 2 -°F 


The heat transfer surface area of the tube per unit length is 

A s = 7iDL = n{\ / 1 2 ft)( 1 ft) = 0.26 1 8 ft 2 

Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T sM -T s ) = (1420 Btu/h -ft 2 •°F)(0.2618ft 2 )(95-65)°F = 11,150 Btu/h 

(b) The rate of condensation of steam is determined from 

Q 11,150 Btu/h n 

^condensation — , h= — /iu — 10.52 lbm/h 

h f 1060 Btu/lbm 
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10-53E Saturated steam at a saturation temperature of r sat = 95 °F condenses on the outer surfaces of 20 
horizontal pipes which are maintained at 65 °F by circulating cooling water and arranged in a rectangular 
array of 4 pipes high and 5 pipes wide. The rate of heat transfer to the cooling water and the rate of 
condensation per unit length of the pipes are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The pipes are isothermal. 

Properties The properties of water at the saturation temperature of 95°F are h fg = 1040 Btu/lbm and p v = 
0.0025 lbm/ft 3 . The properties of liquid water at the film temperature of = (T sat + T S )/ 2- (95 + 65)/2 = 

80°F are (Table A-9E), 

p l = 62.22 lbm/ft 3 

ju, = 5.764 xlO -4 lbm/ft • s = 2.075 lbm/ft • h 

Vi = jU[ / Pi = 0.03335 ft 2 /h 
c pl = 0.999 Btu/lbm • °F 
k { = 0.352 Btu/h- ft -°F 



i i 


Condensate 

flow 


i 


Analysis The modified latent heat of vaporization is 
= h fg + 0.68c pl (T sat - T s ) 

= 1 040 Btu/lbm + 0.68 x (0.999 Btu/lbm • °F)(95 - 65)°F 
= 1060 Btu/lbm 

Noting that we have condensation on a horizontal tube, the heat transfer coefficient is determined from 


h = Koriz = 0-729 


SjC ^ 

gPl (. Pl ~Pv) h fg k I 

Mi (^sat - T s )D 


n 1/4 


= 0.729 


(32.2 ft/s 2 )(62.22 lbm/ft 3 )(62.22 - 0.0025 lbm/ft 3 )(1060 Btu/lbm) (0.352 Btu/h • ft • °F) 3 


nl/4 


[(1 h/3600 s) z ] (2.075 lbm/ft • h)(95 - 65)°F(1/12 ft) 

= 1420 Btu/h- ft 2 -°F 
Then the average heat transfer coefficient for a 4-pipe high vertical tier becomes 

1 


h 


horiz, N tubes 


h 


N 


1/4 "horiz, 1 tube 1/4 


1 (1420 Btu/h • ft 2 • °F) = 1 004 Btu/h • ft 2 • °F 


The surface area for all 32 pipes per unit length of the pipes is 
At = a \o^DL = 32tt( 1 / 12 ft)( 1 ft) = 8.378 ft 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T sat -T s ) = (1004 Btu/h.ft 2 • °F)(8.378 ft 2 )(95 - 65)°F = 252,345 Btu/h 
(. b ) The rate of condensation of steam is determined from 

Q 252,345 Btu/h 


^condensation * 

h 


fg 


1060 Btu/lbm 


= 238.1 lbm/h 
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10-54 Saturated steam at a saturation temperature of T sat = 55°C condenses on the outer surface of a 
vertical tube which is maintained at 45°C. The required tube length to condense steam at a rate of 10 kg/h 
is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The vertical tube can be 
treated as a vertical plate. 4 The density of vapor is much smaller than the density of liquid, p v « p l . 

Properties The properties of water at the saturation temperature of 55 °C are h ig = 2371x10 J/kg and p v = 
0.1045 kg/m 3 . The properties of liquid water at the film temperature of T j = (T sat + T s ) / 2 = (55 + 45)/2 = 

50°C are (Table A-9), 


Pi = 988.1 kg/m 3 
Pi = 0.547 xlO -3 kg/m- s 
v x = ^ / Pi = 0.554xl0 _6 m 2 /s 
c pl = 4181 J/kg -°C 
k, = 0.644 W/m-°C 


D = 3 cm 


Condensate 


45°C 


Steam 

55°C 

T — 9 

■t-'tuhr' — • 


Analysis The modified latent heat of vaporization is j 

h fg =,l fg + 0Mc pl (Lat - T s ) 

= 2371 X 10 3 J/kg + 0.68 x 4181 J/kg • °C(55 - 45)°C = 2399 x 10 3 J/kg 
The Reynolds number is determined from its definition to be 
„ 4 m 4(10/3600 kg/s) 


Re = 


PPi ^-(0.03 m)(0.547 xlO 3 kg/m-s) 


= 215.5 


which is between 30 and 1800. Therefore the condensate flow is wavy laminar, and the condensation heat 
transfer coefficient is determined from 


h-h 


Re ^/ 8 
vertical, wavy L Qg Re 1-22 _ 5 _ 2 2 


215.5 x (0.644 W/m-°C) 


9.8 m/s 


1 .08(215.5) 1 22 -5.2 l v (0.554xl0~ 6 m 2 /s) 2 J 
The rate of heat transfer during this condensation process is 

Q = mh* fg = (10/3600 kg/s)(2399 x 10 3 J/kg) = 6.664 W 
Heat transfer can also be expressed as 

Q = hA (T t - 71 ) = h(7rDD(T t —T ) 


= 5644 W/m 2 -°C 


Then the required length of the tube becomes 


6664 W 


h(xD)(T sat -T s ) (5844 W/m 2 • o C)^(0.03m)(55-45)°C 


= 1.21m 
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10-55 Saturated steam at a saturation temperature of r sat = 55°C condenses on the outer surface of a 
horizontal tube which is maintained at 45°C. The required tube length to condense steam at a rate of 10 
kg/h is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 

Properties The properties of water at the saturation temperature of 55°C are hf g = 2371xl0 3 J/kg and p v = 
0.1045 kg/m 3 . The properties of liquid water at the film temperature of Tf = (T sat +T S )/ 2 = (55 + 45)/2 = 

50°C are (Table A-9), 


p l = 988.1 kg/m 3 
Pi = 0.547 xlO -3 kg/m -s 
v { = p l / p { = 0.554xl0 _6 m 2 /s 
c pl = 4181 J/kg -°C 
k t = 0.644 W/m-°C 

Analysis The modified latent heat of vaporization is 


Steam 



i i i i i 


* Condensate 

h fg =h fg +0Mc pl( T Mt ~ T s) 

= 237 1 X 1 0 3 J/kg + 0.68 X 4 1 8 1 J/kg ■ °C(55 - 45 )°C = 2399 X 1 0 3 J/kg 


Noting that the tube is horizontal, the condensation heat transfer coefficient is determined from 

* 311/4 

gp,(p, -p„)h fo k, 

h = ^horizontal = 0-729 


= 0.729 


Ml (T'sat -T S )D 


(9.8 m/s 2 )(988. 1 kg/m 3 )(988. 1 - 0.10 kg/m 3 )(2399 x 10 3 J/kg)(0.644 W/m • °C) 3 


n 1/4 


(0.547 x 10^ 3 kg/m • s)(55 - 45)°C(0.03 m) 


= 10.135 W/m 2 . °C 


The rate of heat transfer during this condensation process is 

Q = mh* fg = (10/3600 kg/s)(2399 x 10 3 J/kg) = 6.664 W 
Heat transfer can also be expressed as 

Q = hA s (T, dt -T s ) = h(7rDL)(T sdt -T s ) 

Then the required length of the tube becomes 

L _ Q 6664 W 

h(7rD)(T Sdt -T s ) (10,135 W/m 2 -°C)^(0.03 m)(55-45)°C 


0.70 m 
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10-56 Saturated steam at a saturation temperature of r sat = 100°C condenses on a plate which is tilted 40° 
from the vertical and maintained at 80°C by circulating cooling water through the other side. The rate of 
heat transfer to the plate and the rate of condensation of the steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The plate is isothermal. 3 The condensate flow is 
wavy-laminar over the entire plate (this assumption will be verified). 4 The density of vapor is much 
smaller than the density of liquid, p v « p { . 


Properties The properties of water at the saturation temperature of 100°C are /z fg = 2257xl0 3 J/kg and p v 
= 0.60 kg/m 3 * . The properties of liquid water at the film temperature of T y = (T sat +T S )1 2 = (100 + 80)/2 = 


90°C are 


Analysis 


(Table A-9), 

p { =965.3 kg/m 3 

p l = 0.315xl0 _3 kg/m-s 

Vi = /// / Pi = 0.326xl0 _6 m 2 /s 
c pl = 4206 J/kg -°C 
k l = 0.675 W/m -°C 

The modified latent heat of vaporization 
h f g = h f g + °-68 c p i (T sat - T s ) 

= 2257 x 10 3 J/kg + 0.68 x 4206 J/kg • 



°C(100-80)°C = 2,314xl0 3 J/kg 


Assuming wavy-laminar flow, the Reynolds number is determined from the vertical plate relation by 
replacing g by g cos 6 where 6 = 60° to be 


Re Re tilted, wavy 


4.81 + 


3. 70 Lie i (T sat -T s ) 


vi h fg 


g cos 6 


v *7 7 


X 1/3 


n 0.820 


/| OJ ! 3.70 x (2 m)x (0.675 W/m •°C)x (100 -80)°C 

(9.8 m/s 2 ) cos 40 

1/3 

(0.315xl0 -3 kg/m • s)(23 14 x 10 3 J/kg) 

v (0.326 xl0~ 6 m 2 /s) 2 y 



n 0.82 


= 1197 


which is between 30 and 1800, and thus our assumption of wavy laminar flow is verified. Then the 
condensation heat transfer coefficient is determined from 


h — h 

11 tilted, wavy 


Rek, 


' .^ 1/3 

g cos 0 


1.08 Re L22 -5.2 


v 


i J 


1 197 x (0.675 W/m-°C) 


1.08(1 197) 122 -5.2 


(9.8 m/s 2 ) cos 40 ^ /3 
(0.326 xl0~ 6 m 2 /s) 2 


= 5438 W/m 2 °C 


2 

The heat transfer surface area of the plate is: A = wx L = (2 m)(2 m) = 4 m . 

Then the rate of heat transfer during this condensation process becomes 

Q = hA(T ^ — T s ) = (5438 W/m 2 •°C)(4m 2 )(100-80)°C = 435,000 W 

(. b ) The rate of condensation of steam is determined from 


/^condensation 


Q 


435,000 J/s 


ti fg 2314 xlO 3 J/kg 


= 0.188 kg/s 


Discussion We could also determine the heat transfer coefficient from h 


inclined 


= Avert ( COS 0 ) 


1/4 
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10-57 EES Prob. 10-56 is reconsidered. The effects of plate temperature and the angle of the plate from the 
vertical on the average heat transfer coefficient and the rate at which the condensate drips off are to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_sat=100 [C] 

L=2 [m] 

theta=40 [degrees] 

T_s=80 [C] 

"PROPERTIES" 

Fluid$='steam_IAPWS' 

T_f=1 /2*(T_sat+T_s) 

P_sat=pressure(Fluid$, T=T_sat, x=1) 
rho_l=density(Fluid$, T=T_f, x=0) 
mu J=Viscosity(Fluid$,T =T_f, x=0) 
nu_l=mu_l/rho_l 

C_l=CP(Fluid$, T=T_f, x=0)*Convert(kJ/kg-C, J/kg-C) 
k_l=Conductivity(Fluid$, T=T_f, P=P_sat+1) 
h_f=enthalpy(Fluid$, T=T_sat, x=0) 
h_g=enthalpy(Fluid$, T=T_sat, x=1) 
h_fg=(h_g-h_f)*Convert(kJ/kg, J/kg) 
g=9.8 [m/s A 2] 

"ANALYSIS" 

"(a)" 

h_fg_star=h_fg+0.68*CJ*(T_sat-T_s) 

Re=(4.81+(3.7*L*k_l*(T_sat-T_s))/(mu_rh_fg_star)*((g*Cos(theta))/nuJ A 2) A (1/3)) A 0.820 
h=(Re*k_l)/(1 .08*Re A 1 .22-5.2)*((g*Cos(theta))/nu_l A 2) A (1/3) 

Q_dot=h*A*(T_sat-T_s) 

A=L A 2 

"(b)" 

m_dot_cond=Q_dot/h_fg_star 


T s [C] 

h [W/m 2 .C] 

IMcond [kg/s] 

40 

4073 

0.4027 

42.5 

4131 

0.3926 

45 

4191 

0.3821 

47.5 

4253 

0.3712 

50 

4317 

0.3599 

52.5 

4383 

0.3482 

55 

4453 

0.3361 

57.5 

4525 

0.3235 

60 

4601 

0.3105 

62.5 

4681 

0.2971 

65 

4766 

0.2832 

67.5 

4857 

0.2687 

70 

4954 

0.2538 

72.5 

5059 

0.2383 

75 

5173 

0.2222 

77.5 

5299 

0.2055 

80 

5440 

0.1881 

82.5 

5600 

0.1699 

85 

5786 

0.151 

87.5 

6009 

0.1311 

90 

6285 

0.11 
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h [W/m -C] h [W/m -C] 
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0 [degrees] 

h [W/m 2 .C] 

[kg/s] 

0 

5851 

0.2023 

3 

5848 

0.2022 

6 

5842 

0.202 

9 

5831 

0.2016 

12 

5815 

0.2011 

15 

5796 

0.2004 

18 

5771 

0.1995 

21 

5742 

0.1985 

24 

5708 

0.1974 

27 

5669 

0.196 

30 

5625 

0.1945 

33 

5576 

0.1928 

36 

5522 

0.1909 

39 

5462 

0.1888 

42 

5395 

0.1865 

45 

5323 

0.184 

48 

5243 

0.1813 

51 

5156 

0.1783 

54 

5061 

0.175 

57 

4956 

0.1714 

60 

4842 

0.1674 



T s [C] 




0 [degrees] 
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10-58 Saturated ammonia vapor at a saturation temperature of r sat = 10°C condenses on the outer surface 
of a horizontal tube which is maintained at -10°C. The rate of heat transfer from the ammonia and the rate 
of condensation of ammonia are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 


Properties The properties of ammonia at the saturation temperature of 10°C are h tg = 1226x10 J/kg and 
p v = 4.870 kg/m (Table A-l 1). The properties of liquid ammonia at the film temperature of 
T f = (r sat +T S ) / 2 = (10 + (- 10))/2 = 0°C are (Table A-l 1), 


Pi =638.6 kg/m 3 
Pi = 1.896 xlO -4 kg/m- s 
v, = 0.2969 xl0~ 6 m 2 /s 
c p/ =4617 J/kg • °C 
fc, = 0.5390 W/m -°C 

Analysis The modified latent heat of vaporization is 


Ammonia 



i i i i i 

Condensate 


h* fg =h fg +0Mc pl (T sat -T s ) 

= 1 226 x 1 0 3 J/kg + 0.68 x 46 1 7 J/kg • °C [ 1 0 - (- 1 0)]°C = 1 288 x 1 0 3 J/kg 


Noting that the tube is horizontal, the condensation heat transfer coefficient is determined from 

* 3 “i 1/4 

ZPi(Pi -p v )h fo k, 

h = ^horizontal = 0-729 


= 0.729 


Mi (Tut ~ T s )D 


(9.81 m/s 2 )(638.6 kg/m 3 )(638.6 - 4.870 kg/m 3 )(1288 x 10 3 J/kg)(0.5390 W/m • °C) 3 

(1 .896 x 1 0 kg/m • s)[l 0 - (- 1 0)]°C(0.02 m) 


— 1 1 / 4 


= 7390 W/m 2 .°C 


The heat transfer surface area of the tube is 

A s = tiDL = ^-(0.04 m)( 15 m) = 1 .885 m 2 
Then the rate of heat transfer during this condensation process becomes 


Q = hA (T t -77) = (7390 W/m 2 . °C)(1. 885 nr )[10 


( b ) The rate of condensation of ammonia is determined from 


777 == 

condensation 


Q 


278,600 J/s 


h fg 1288 xlO 3 J/kg 


= 0.216 kg/s 


(-10)]°C = 278,600 W 
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10-59 Saturated steam at a pressure of 4.25 kPa and thus at a saturation temperature of r sat = 30°C (Table 
A-9) condenses on the outer surfaces of 100 horizontal tubes arranged in a 10x10 square array maintained 
at 20°C by circulating cooling water. The rate of heat transfer to the cooling water and the rate of 
condensation of steam on the tubes are to be determined. 


Saturated 

steam 


Assumptions 1 Steady operating conditions exist. 2 
The tubes are isothermal. 

Properties The properties of water at the saturation 
temperature of 30°C are /z fg = 2431xl0 3 J/kg and p v 

o 

= 0.03 kg/m . The properties of liquid water at the 
film temperature of T f = (T sat + T s ) / 2 = (30 + 20)/2 

= 25°C are (Table A-9), 

p l = 997.0 kg/m 3 

= 0.891xl0 _3 kg/m-s 

v z =/////? z = 0.894xl0 -6 m 2 /s 
c pl =4180 J/kg- °C 
k l =0.607 W/m-°C 

Analysis ( a ) The modified latent heat of vaporization is 
h fg =h fs + 0.68c pl (T s at -T s ) 

= 2431xl0 3 J/kg + 0.68x41 80 J/kg- o C(30-20)°C = 2,459xl0 3 J/kg 
The heat transfer coefficient for condensation on a single horizontal tube is 



h = /'horizontal = 0-729 


gPliPl ~P v ) h fg k l 

Pl (T’sat ~T s )D 


n 1/4 


= 0.729 


(9.8 m/s 2 )(997kg/m 3 )(997 -0.03 kg/m 3 )(2459xl0 3 J/kg)(0.607 W/m-°C) 

,-3 


nl/4 


(0.891x10 kg/m • s)(30 - 20)°C(0.03 m) 

= 8674 W/m 2 .°C 

Then the average heat transfer coefficient for a 10-pipe high vertical tier becomes 


h 


1 


horiz, N tubes 


h 


j /4 horiz, 1 tube 


1 (8674 W/m 2 • °C) = 4878 W/m 2 • °C 


d/4 


N 11 ^ 10 

The surface area for all 100 tubes is 

= N ioi^ DL = 100^(0.03 m)(8 m) = 75.40 m 2 
Then the rate of heat transfer during this condensation process becomes 

Q = Mj (T m -T s ) = (4878 W/m 2 .°C)(75.40 m 2 )(30 - 20) °C = 3,678,000 W = 3678kW 
(. b ) The rate of condensation of steam is determined from 


^condensation * 

h 


Q 3,678,000 J/s 


fg 


2459 xlO 3 J/kg 


= 1.496 kg/s 
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10-60 EES Prob. 10-59 is reconsidered. The effect of the condenser pressure on the rate of heat transfer and 
the rate of condensation of the steam is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

P_sat=4.25 [kPa] 
n_tube=100 
N=1 0 
L=8 [m] 

D=0.03 [m] 

T_s=20 [C] 

"PROPERTIES" 

Fluid$='steam_IAPWS' 

T_sat=temperature(Fluid$, P=P_sat, x=1) 

T_f= 1 /2*(T_sat+T_s) 
h_f=enthalpy(Fluid$, T=T_sat, x=0) 
h_g=enthalpy(Fluid$, T=T_sat, x=1) 
h_f g = ( h_g - h_f ) * Co n ve rt ( k J/kg , J/kg ) 
rho_v=density(Fluid$, T=T_sat, x=1) 
rho_l=density(Fluid$, T=T_f, x=0) 
muJ=Viscosity(Fluid$,T=T_f, x=0) 
nu_l=mu_l/rho_l 

C_l=CP(Fluid$, T=T_f, x=0)*Convert(kJ/kg-C, J/kg-C) 
k_l=Conductivity(Fluid$, T=T_f, P=P_sat+1) 
g=9.8 [m/s A 2] 

"ANALYSIS" 

h_fg_star=h_fg+0.68*C_l*(T_sat-T_s) 

h_1 tube=0.729*((g*rho_l*(rho_l-rho_v)*h_fg_star*kJ A 3)/(muJ*(T_sat-T_s)*D)) A 0.25 

h=1/N A 0.25*h_1tube 

Q_dot=h*A*(T_sat-T_s) 

A=n_tube*pi*D*L 

m_dot_cond=Q_dot/h_fg_star 


1 .1X1 o 7 


9.0X1 0 6 


m 7.0X1 0 6 

5 


•O 5.0X1 0 6 


3.0x1 0 6 


1.0X10 6 

2 4 6 8 10 12 14 16 

Psat [kPa] 



Psat 

[kPa] 

Q 

[W] 

^cond 

[kg/s] 

3 

1836032 

0.7478 

4 

3376191 

1.374 

5 

4497504 

1.829 

6 

5399116 

2.194 

7 

6160091 

2.502 

8 

6814744 

2.766 

9 

7402573 

3.004 

10 

7932545 

3.218 

11 

8415994 

3.413 

12 

8861173 

3.592 

13 

9274152 

3.758 

14 

9659732 

3.914 

15 

1002165 

0 

4.059 
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10-61 Saturated steam at a saturation temperature of r sat = 50°C condenses on the outer surfaces of a tube 
bank with 33 tubes in each column maintained at 20°C. The average heat transfer coefficient and the rate of 
condensation of steam on the tubes are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal. 

Properties The properties of water at the saturation temperature of 50°C are h tg = 2383 xlO 3 J/kg and p v = 
0.083 1 kg/m 3 . The properties of liquid water at the film temperature of Tj = (T sat + T s ) / 2 = (50 + 20)/2 = 

35°C are (Table A-9), 


p l =994.0 kg/m 3 
Pi - 0.720 xlO -3 kg/m- s 

v x =pi/ p, = 0.724 xl0 _6 m 2 /s 
c pl = 4178 J/kg -°C 
k x = 0.623 W/m -°C 

Analysis ( a ) The modified latent heat of vaporization is 

h fg =h fg+ 0 Mc pl( T sat"^) 

= 2383 x 10 3 J/kg + 0.68 x 4178 J/kg • °C(50 - 20)°C 
= 2468 x 10 3 J/kg 


Steam 



flow 


The heat transfer coefficient for condensation on a single horizontal tube is 

^ 3 “i 1/4 

gPt(Pi -p v )h fo k, 

h = ^horizontal = 0-729 


= 0.729 


Ul(T s at ~T S )D 


(9.8 m/s 2 )(994 kg/m 3 )(994 - 0.08 kg/m 3 )(2468 x 10 3 J/kg)(0.623 W/m • °C) 3 
(0.720 x 10~ 3 kg/m • s)(50 - 20)°C(0.015 m) 


1 1/4 


= 8425 W/m 2 °C 


Then the average heat transfer coefficient for a 33-tube high vertical tier becomes 

1 


h 


horiz, N tubes 


hx 


n U4 “horiz, 1 tube 1/4 


1 (8425 W/m 2 • °C) = 3515 W/m 2 • °C 


The surface area for all 33 tubes per unit length is 

A s = N lotaX nDL = 33^(0.015 m)(lm) = 1.555 m 2 


Then the rate of heat transfer during this condensation process becomes 

Q = hA s (r sat - T s ) = (35 15 W/m 2 • °C)(1 .555 m 2 )(50 - 20)°C = 1 64,000 W 


(, b ) The rate of condensation of steam is determined from 


_ Q 

^condensation * 

h fg 


164,000 J/s 
2468 xlO 3 J/kg 


0.0664 kg/s 
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10-62 Saturated refrigerant- 1 34a vapor at a saturation temperature of r sat = 30°C condenses inside a 
horizontal tube which is maintained at 20°C. The fraction of the refrigerant that will condense at the end of 
the tube is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The vapor velocity is low so 
that Re V apor < 35,000. 

Properties The properties of refrigerant- 134a at the saturation temperature of 30°C are h fg = 173.1xl0 3 
J/kg and p v = 37.53 kg/m . The properties of liquid R-134a at the film temperature of 
T f = (T sat +T S )/ 2 = (30 + 20)/2 = 25°C are (Table A- 10) 


p l =1207 kg/m 3 
p l = 2.012 xlO -4 kg/m.s 
v t = /// / p l = 0.1667 xl0 _6 m 2 /s 
c pl = 1427 J/kg.°C 
k { = 0.08325 W/m.°C 

Analysis The heat transfer coefficient for condensation 
inside horizontal tubes is 



R-134a 

30°C 



D tube = 1 cm 
Ttube — 5m 



I I I I 

Condensate 


k ^internal 0.555 


SPliPl ~Pv) k l 


Ml (T sat ~ T s) 


h fg + \ C P l(J sat “D 


-il/4 


= 0.555 


(9.81 m/s 2 )(1207kg/m 3 )(1207 -37.53) kg/m 3 )(0.08325 W/m-°C) 3 


,-4 


(2.012x10 kg/m-s)(30-20)°C 


x 


173.1 xlO 3 J/kg + -(1427 J/kg • °C)(30 - 20)°C 
8 


n 1/4 


= 509.2 W/m 2 °C 


The heat transfer surface area of the pipe is 

A s = nDL = tt( 0.0 1 m)(5 m) = 0. 1 57 1 m 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T m -T s ) = (509.2 W/m 2 •°C)(0.1571m 2 )(30-20)°C = 800.0 W 
The modified latent heat of vaporization in this case is, as indicated in the h relation, 

h* fg =h fg +-c p ,(r sat - T s ) = 173.1xl0 3 J/kg +-(1427 J/kg • °C)(30-20)°C = 178.5 xlO 3 J/kg 


Then the rate of condensation becomes 


m 


condensation 



800 J/s 

178.5 xlO 3 J/kg 


0.004482 kg/s = 0.2689 kg/min 


Therefore, the fraction of the refrigerant that will condense at the end of the tube is 

Fraction condensed - - ft2689 tB,m ' n = 0.108 (or 10.8%) 

"‘tfflal 2.5 kg/min 

Discussions Note that we used the modified hj g instead of just hf g in heat transfer calculations to account 
for heat transfer due to the cooling of the condensate below the saturation temperature. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



10-50 


10-63 Saturated refrigerant- 134a vapor condenses inside a horizontal tube maintained at a uniform 
temperature. The fraction of the refrigerant that will condense at the end of the tube is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The vapor velocity is low so 
that Re V apor < 35,000. 

Properties The properties of refrigerant- 1 34a at the saturation temperature of 30°C are h ig = 173.1x10 
J/kg and p v = 37.53 kg/m . The properties of liquid R-134a at the film temperature of 
T f = (r sat +T S )/ 2 = (30 + 20)/2 = 25°C are (Table A- 10) 


p l = 1207 kg/m 3 

p l = 2.012xl0" 4 kg/m.s 

v z = /// / p t = 0.1667 xl0" 6 m 2 /s 
c pl = 1427 J/kg.°C 
kj = 0.0833 W/m.°C 

Analysis The heat transfer coefficient for condensation 
inside horizontal tubes is 


R-134a 

30°C 


r 


20°C 



k ^internal 0.555 


SPliPl ~Pv) k l 


nl/4 


Pl CT S at ~T S ) 


h fg + Q C pl ( T sat ~ T s) 
o 


= 0.555 


(9.8 1 m/s 2 )(1207 kg/m 3 )(1 207 - 37.53) kg/m 3 )(0.0833 W/m • °C) 3 


,-4 


(2.012x10"" kg/m-s)(30-20)°C 


x 


173.1xl0 3 J/kg + -(1427 J/kg • °C)(30 - 20)°C 
8 


n 1/4 


= 509.4 W/m 2 °C 

The heat transfer surface area of the pipe is 

A s = kDL = ;r(0.0 1 m)(8m) = 0.25 J 3 m 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T m -T s ) = (509.4 W/m 2 • o C)(0.25J3m 2 )(30-20) o C = J280W 
The modified latent heat of vaporization in this case is, as indicated in the h relation, 


h] g =h fg + — c pl (T sat — T s ) = 173.1xl0 3 J/kg + — (1427 J/kg •°C)(30-20)°C = 178.5 xlO 3 J/kg 


8 


pi 


Then the rate of condensation becomes 

Q 1280 J/s 


yyj — 

condensation 


h 


8 


= 0.007169 kg/s = 0.4301 kg/min 


, fg 178.5x10" J/kg 

Therefore, the fraction of the refrigerant that will condense at the end of the tube is 

'“condensed 0.4301 kg/min 


Fraction condensed = 


m 


total 


2.5 kg/min 


= 0.172 (or 17.2%) 
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10-64 EES Prob. 10-62 is reconsidered. The the fraction of the refrigerant condensed at the end of the tube 
as a function of the temperature of the saturated R-134a vapor is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_sat=30 [C] 

L=5 [m] 

D=0.01 [m] 

T_s=20 [C] 

m_dot_total=2.5 [kg/min] 

"PROPERTIES" 

rho 1=1 1 87 [kg/m A 3] 

rho_v=37.5 [kg/m A 3] 
muj=0.201 E-3 [kg/m-s] 

CJ=1447 [J/kg-C] 
k_l=0.0796 [W/m-C] 
h_fg=173.3E3 [J/kg] 

g=9.8 [m/s A 2] “gravitational acceleraton" 

"ANALYSIS" 

h=0.555*((g*rho_l*(rhoJ-rho_v)*kJ A 3)/(muJ*(T_sat-T_s))*(h_fg+3/8*CJ*(T_sat-T_s))) A 0.25 

Q_dot=h*A*(T_sat-T_s) 

A=pi*D*L 

m_dot_cond=Q_dot/h_fg*Convert(kg/s, kg/min) 
f_condensed=m_dot_cond/m_dot_total*Convert(,%) 


T sa t 

[C] 

fcondensed 

[%] 

25 

6.293 

26.25 

7.447 

27.5 

8.546 

28.75 

9.603 

30 

10.62 

31.25 

11.62 

32.5 

12.58 

33.75 

13.53 

35 

14.45 

36.25 

15.36 

37.5 

16.26 

38.75 

17.14 

40 

18 

41.25 

18.86 

42.5 

19.7 

43.75 

20.53 

45 

21.36 

46.25 

22.18 

47.5 

22.98 

48.75 

23.78 

50 

24.58 
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10-65 Saturated steam at a saturation temperature of r sat = 100°C condenses on the outer surfaces of a tube 
bank maintained at 80°C. The rate of condensation of steam on the tubes are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal. 

Properties The properties of water at the saturation temperature of 100°C are h fg = 2257x1 0 3 J/kg and p v 
= 0.5978 kg/m 3 (Table A-9). The properties of liquid water at the film temperature of 
T f = (r sat + T s ) / 2 = (100 + 80)/2 = 90°C are (Table A-9), 


Pi =965.3 kg/m 3 
Pi = 0.3 15 x 10 _3 kg/m -s 
c pl =4206 J/kg .°C 
k { = 0.675 W/m- °C 

Analysis ( a ) The modified latent heat of vaporization is 
h*f g =h f g+0Mc pl (T sat -T s ) 

= 2357 x 10 3 J/kg + 0.68 x 4206 J/kg • °C(100 - 80)°C 
= 2314xl0 3 J/kg 


Steam 



flow 


The heat transfer coefficient for condensation on a single horizontal tube is 

* 3 n 1 / 4 

ZPi(Pt -p v )h fo k, 

h = ^horizontal = 0-729 


= 0.729 


Ml(T s at ~T S )D 


(9.8 m/s 2 )(965.3 kg/m 3 )(965.3 - 0.5978 kg/m 3 )(23 14 x IQ 3 J/kg)(0.675 W/m • °C) 3 

(0.3 15 x 10“ 3 kg/m • s)(100 - 80)°C(0.05 m) 


—| 1 / 4 


= 8736 W/m 2 -°C 


Then the average heat transfer coefficient for a 4-pipe high vertical tier becomes 


h 


horiz, N tubes 


1 

A 177 


h 


horiz, 1 tube 



(8736 W/m 2 -“C) = 6177 W/m 2 °C 


The surface area for all 16 tubes is 

A s = N total ^ DL = 16^(0.05 m)(2 m) = 5.027 m 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T m -T s ) = (6177 W/m 2 -°C)(5.027 m 2 )(100 -80)°C = 621,000 W 


The rate of condensation of steam is determined from 


m 


condensation 



62 1,000 J/s 
2314xl0 3 J/kg 


= 0.2684 kg/s = 966 kg/h 
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10-66 Saturated ammonia at a saturation temperature of r sat = 30°C condenses on vertical plates which are 
maintained at 10°C. The average heat transfer coefficient and the rate of condensation of ammonia are to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 The plate is isothermal. 3 The condensate flow is 
wavy-laminar over the entire plate (this assumption will be verified). 4 The density of vapor is much 
smaller than the density of liquid, p v « p { . 


Properties The properties of ammonia at the saturation temperature of 30°C are /z fg = 1 144x1 0 3 J/kg and 
p v = 9.055 kg/m . The properties of liquid ammonia at the film temperature of Tf = (T sal + T s ) / 2 = (30 + 


10)/2 = 20°C are (Table A-ll), 
p l =610.2 kg/m 3 

= 1.519xl0 _4 kg/m-s 

= p l / p l = 2.489xl0 -7 m 2 /s 
c pl = 4745 J/kg -°C 
k { = 0.4927 W/m- °C 

Analysis The modified latent heat of vaporization is 

k fg =k fS + 0 - 68 c p/( r sat-^) 

= 1 144 x 10 3 J/kg + 0.68 x 4745 J/kg • °C(30 - 1 0)°C 
= 1209x 10 3 J/kg 



Ammonia 

30°C 


Assuming wavy-laminar flow, the Reynolds number is determined from 


Re = Re 


vertical, wavy 


4.81 + 


3J0Lk l (T sat -T s ) 


r \ 1/3 
g 


n 0.820 


M fg 


v v i j 


/j C1 | 3.70 x (0.1m)x (0.4927 W/m -°C)x (30 -10)°C 

/ 9 \ 

9.8 m/s 2 

1/3 

(1.519x 10 4 kg/m-s)(1209xl0 3 J/kg) 

v (2.489 xlO -7 m 2 /s) 2 y 



nO .82 


= 307.0 


which is between 30 and 1800, and thus our assumption of wavy laminar flow is verified. Then the 
condensation heat transfer coefficient is determined to be 


h-h 


Rek, 


vertical, wavy 


1.08 Re 1,22 -5.2 


307 x (0.4927 W/m-°C) 


1.08(307) 122 -5.2 


r \ 1/3 
_ 8 _ 

2 

V v / 7 

9.8 m/s 


\ 1/3 


(2.489 xlO' 7 m 2 /s) 2 


= 7032 W/m 2 °C 


The total heat transfer surface area of the plates is 


A s = IT x L = 20(0. 15 m)(0. 10 m) = 0.3 m 


Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T m —T s ) = (7032 W/m 2 -°C)(0.3 m 2 )(30-10)°C = 42,190 W 
(. b ) The rate of condensation of steam is determined from 

Q 42,190 J/s 


777 — 

condensation 

h 


fg 1209 x 10 J/kg 


= 0.0349 kg/s 
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Special Topic: Heat Pipes 

10-67C A heat pipe is a simple device with no moving parts which can transfer large quantities of heat 
over fairly large distances essentially at a constant temperature without requiring any power input. A heat 
pipe is basically a sealed slender tube containing a wick structure lined on the inner surface and a small 
amount of fluid such as water at the saturated state. It is composed of three sections: the evaporator section 
at one and where heat is absorbed and the fluid is vaporized, a condenser section at the other end where the 
vapor is condensed and heat is rejected, and the adiabatic section in between where the vapor and the liquid 
phases of the fluid flow in opposite directions through the core and the wick, respectively, to complete the 
cycle with no significant heat transfer between the fluid and the surrounding medium. 


10-68C The boiling and condensation processes are associated with extremely high heat transfer 
coefficients, and thus it is natural to expect the heat pipe to be an extremely effective heat transfer device 
since its operation is based on alternate boiling and condensation of the working fluid. 


10-69C The non-condensable gases such as air degrade the performance of the heat pipe, and can destroy it 
in a short time. 


10-70C The heat pipes with water as the working fluid are designed to remove heat at temperatures below 
the boiling temperature of water at atmospheric pressure (i.e., 100°C). Therefore, the pressure inside the 
heat pipe must be maintained below the atmospheric pressure to provide boiling at such temperatures. 


10-71 C Liquid motion in the wick depends on the dynamic balance between two opposing effects: the 
capillary pressure which pumps the liquid through the pores, and the internal resistance to flow due to the 
friction between the mesh surface and the liquid. Small pores increases the capillary action, but it also 
increases the friction force opposing the fluid motion. At optimum core size, the difference between the 
capillary force and the friction force is maximum. 


10-72C The orientation of the heat pipe affects its performance. The performance of a heat pipe will be 
best when the capillary and gravity forces act in the same direction (evaporator end down), and it will be 
worst when these two forces act in opposite directions (evaporator end up). 


10-73C The capillary pressure which creates the suction effect to draw the liquid forces the liquid in a heat 
pipe to move up against the gravity without a pump. For the heat pipes which work against the gravity, it is 
better to have fine wicks since the capillary pressure is inversely proportional to the effective capillary 
radius of the mesh. 


10-74C The most important consideration in the design of a heat pipe is the compatibility of the materials 
used for the tube, wick and the fluid. 


10-75C The major cause for the premature degradation of the performance of some heat pipes is 
contamination which occurs during the sealing of the ends of the heat pipe tube. 
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AT=4°C 


Heat pipe 
D = 0.5 cm 


150 W 


10-76 A 40-cm long cylindrical heat pipe dissipates heat at a rate of 150 W. The diameter and mass of a 
40-cm long copper rod that can conduct heat at the same rate are to be determined. 

Assumptions Steady operating conditions exist. 

Properties The properties of copper are given to be 
p = 8933 kg/m 3 and k = 401 W/m.°C. 

Analysis The rate of heat transfer through the 
copper rod can be expressed as 150 W 

AT 

Q = kA 

L 

Solving for the cross-sectional area A and the diameter D gives 

A = —Q = OAm 




L = 40 cm 


A = 


kAT 
kD 2 


(401 W/m.°C)(4°C) 


(150 W) = 0.03741m 2 =374.1 cm 2 


->D = 


4 A 4(374. lcm z ) 


= 21 .8 cm 


71 


71 


The mass of this copper rod is 


m = pV = pAL = (8933 kg/m 3 )(0. 03741 m 2 )(0.4 m) = 134 kg 


10-77 A 40-cm long cylindrical heat pipe dissipates heat at a rate of 150 W. The diameter and mass of a 
40-cm long aluminum rod that can conduct heat at the same rate are to be determined. 

Assumptions Steady operating conditions exist. 

Properties The properties of aluminum at room temperature ^ 

are p = 2702 kg/m 3 and k = 237 W/m.°C (Table A-3). 

Analysis The rate of heat transfer through the 
aluminum rod can be expressed as 

Q = kA — 

L 

Solving for the cross-sectional area A and the diameter D gives 


150 W 


A = 


A = 


L 


0.4 m 


Q = 

kAT (237 W/m.°C)(4°C) 


(150 W) = 0.06329 m 2 = 632.9 cm 



Heat pipe 
D = 0.5 cm 


150 W 



L = 40 cm 


tjD 


->D = 


'4A 4(632.9 cm z ) 


28.4 cm 


4 v 7i 

The mass of this aluminum rod is 


71 


m = pV = pAL = (2702 kg/m 3 )(0.06329m 2 )(0.4m) = 68.4 kg 


Heat 

pipe 


10-78E A plate that supports 10 power transistors is to be cooled with heat pipes. The number of pipes 
need to be attached to this plate is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis The heat removal rate of heat pipes that have an 
outside diameter of 0.64 cm and length of 45.7 cm is given in 
Table 10-6 to be 150 W. The total rate of heat dissipated by 10 
transistors each dissipating 45 W is 

Qrnai = (1 0)(45 W) = 450 W 

Then the number of heat pipes need to be attached to the plate becomes 
Qmal 450 W 0 


Transistor 


n = 


Q 


150 W 
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Review Problems 


10-79 Water is boiled at r sat = 100°C by a spherical platinum heating element immersed in water. The 
surface temperature is T s = 350°C. The boiling heat transfer coefficient is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 

Properties The properties of water at the saturation temperature of 100°C are (Table A-9) 
h fg = 2257 xlO 3 J/kg 
p, =957.9 kg/m 3 

The properties of water vapor at (350+100)/2 = 225 °C 
are (Table A- 16) 

p v =0.444 kg/m 3 

/j v = 1.749 xlO -5 kg/m-s 
c pv =1951 J/kg -°C 
k v = 0.0358 lW/m-°C 

Analysis The film boiling occurs since the temperature difference between the surface and the fluid. The 
heat flux in this case can be determined from 



4 film = 0-67 


= 0.67 


gk\,p v (Pi -Pv)[h f g + 0.4c pv (T s ^"sat )J 


n 1/4 


p v d(t s - r sat ) 


(9.8 1)(0.0358 1) 3 (0.444)(957.9 - 0.444) 


(T s ~T sat ) 


2257 xlO 3 +0.4(1951)(350-100) 


nl/4 


(1.749xl0 -5 )(0. 15)(350 — 100) 


(350-100) 


= 27,386 W/m 2 

The boiling heat transfer coefficient is 

<ln\m= h (Ts -^t) >h = 


#fiim 27,386 W/m 


T s - r sat (350-100)°C 


109.5 W/m 2 C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




10-57 


10-80 Water is boiled at r sat = 120°C in a mechanically polished stainless steel pressure cooker whose 
inner surface temperature is maintained at T s = 130°C. The time it will take for the tank to empty is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 

Properties The properties of water at the saturation temperature of 120°C are (Tables 10-1 and A-9) 

p l = 943.4 kg/m 3 h fg = 2203xl0 3 J/kg 
p v =1.121 kg/m 3 pj = 0.232 xlO -3 kg/m-s 
cr = 0.0550 N/m c pl = 4244 J/kg • °C 
Pr ; =1.44 

Also, C sf = 0.0130 and n = 1.0 for the boiling of water on a 

mechanically polished stainless steel surface (Table 10-3). Note 
that we expressed the properties in units specified under Eq. 10-2 
in connection with their definitions in order to avoid unit 
manipulations. 

Analysis The excess temperature in this case is A T = T s - T sat = 130-120 = 10°C which is relatively low 

(less than 30°C). Therefore, nucleate boiling will occur. The heat flux in this case can be determined from 
Rohsenow relation to be 


120°C 


Water 


L 


130°C 


m 


k k 


k k k 


Heating 


^ nucleate A / ^ fg 


g(Pl -Pv) 

1/2 

' c P A T s -lA 

(7 


l C sf h fg P r" J 


= (0.232 x10" 3 )(2203x10 3 ) 


"9.8(943.4-1.121)“ 

1/2 

( 4244(130-120) 

0.0550 


v 0.0 1 30(2203 x 1 0 3 )1 .44 y 


= 228,400 W/m 
The rate of heat transfer is 


Q = Enucleate = \ ^(0-20 m) 2 (228,400 W/m 2 ) = 7174 W 


The rate of evaporation is 

Q 7174 w 

m evaD = = = 0.003256 kg/s 

h fg 2203 xlO 3 kJ/kg 


Noting that the tank is half-filled, the mass of the water and the time it will take for the tank to empty are 


m = -piV = - (943.4 kg/m 3 )[;r(0.20 m) 2 / 4 x (0.30 m)] = 4.446 kg 
2 2 


t = m 


m 


4.446 kg 


evap 


m 


evap 


0.003256 kg/s 


= 1365 s = 22.8 min 
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10-81 Saturated ammonia vapor at a saturation temperature of T sat = 25 °C condenses on the outer surfaces 
of a tube bank in which cooling water flows. The rate of condensation of ammonia, the overall heat transfer 
coefficient, and the tube length are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal. 3 The thermal resistance of 
the tube walls is negligible. 

Properties The properties of ammonia at the saturation temperature of 25 °C are /z fg = 1166x10 J/kg and 
p v = 7.809 kg/m (Table A-l 1). We assume that the tube temperature is 20°C. Then, the properties of liquid 
ammonia at the film temperature of T f = (T sat +T S )/ 2- (25 + 20)/2 = 22.5°C are (Table A-l 1) 


Pi = 606.5 kg/m 3 
n, = 1. 479 xl(T 4 kg/m -s 
c p i =4765 J/kg °C 
k, = 0.4869 W/m -°C 

The water properties at the average temperature of (14+17)/2 = 15.5°C are (Table A-9) 

p = 999.0 kg/m 3 
c p =4185 J/kg .°C 

p = 1. 124 xlO -3 kg/m -s 
k = 0.590 W/m • °C 
Pr = 7.98 

Analysis {a) The modified latent heat of vaporization is 

h fg = h jg+o.6& c p,(T s at-rj 

= 1 166x 10 3 J/kg + 0.68 x 4765 J/kg • °C(25 - 20)°C 
= 1182xl0 3 J/kg 


The heat transfer coefficient for condensation on a single horizontal tube is 

n 1/4 


h = ^horizontal = °- 72 9 


3 

gPiiPi ~ P v )h f2 k, 


pi(t sat -?;)£> 


= 0.729 


(9.8 m/s 2 )(606.5 kg/m 3 )(606.5 -7.809 kg/m 3 )(1 182 xlO 3 J/kg)(0.4869 W/m -°C) 3 

,-4 


—| 1 / 4 


(1.479 x 10 kg/m • s)(25 - 20)°C(0.025 m) 

= 9280 W/m 2 -°C 

Then the average heat transfer coefficient for a 4-pipe high vertical tier becomes 


= hx 


11? ? 

' • z o/^\ r e r ^ \ \ r z o< 


A, 


'^horiz, N tubes 1/4 At horiz, 1 tube .1/4 

TV 4 


(9280 W/m • °C) = 6562 W/m z • °C 


The rate of heat transfer in the condenser is 


m = 16 pA c V = 16(999 kg/m 3 )^(0.25)(0.025 m) 2 (2 m/s) = 15.69 kg/s 
Q = the p (T out -T ia ) = (15.69 kg/s )(4185 J/kg -°C)(17 -14) = 1.970 xlO 5 W 


Then the rate of condensation becomes 


<ond 



1.970 xlO 5 W 
1182 xlO 3 J/kg 


0.167 kg/s 
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(. b ) For the calculation of the heat transfer coefficient on the inner surfaces of the tubes, we first determine 
the Reynolds number 

Re = YI±P. = (2m/s)(0.025 m)(999.0 kg/m 3 ) = 44 ^ 

H 1.124 x 10 " 3 kg/m -s 

which is greater than 10,000. Therefore, the flow is turbulent. Assuming fully developed flow, the Nusselt 
number and the heat transfer coefficient are determined to be 

Nu =0.023 Re 0 ' 8 Pr 04 = 0.023(44.440 j 0 ' 8 (7.98) 0 ' 4 = 275.9 

h l = —Nu = ( °' 59 ° W/m ' C) (275 .9) = 6511 W/m 2 °C 
' D 0.025 m 

Let us check if the assumed value for the rube temperature was reasonable 

h l AT i = h^T a 

(6511)(7’ tube -15.5) = (6562)(25 

^tube ) 

r tube = 20.3°C 

which is sufficiently close to the assumed value of 20°C. Disregarding thermal resistance of the tube walls, 
the overall heat transfer coefficient is determined from 


U = — + — 
l h i h o 


1 1 
6511 + 6562 


3268 W/m 2 °C 


(c) The tube length may be determined from 

Q = UAAT 

1.970 x 10 5 W = (3268 W/m 2 -C)( 16) ^(0.025 m )L 25 — — (14 + 17) 

L = 5.05 m 
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10-82 Steam at a saturation temperature of r sat = 40°C condenses on the outside of a thin horizontal tube. 
Heat is transferred to the cooling water that enters the tube at 25 °C and exits at 35°C. The rate of 
condensation of steam, the average overall heat transfer coefficient, and the tube length are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube can be taken to be isothermal at the bulk 
mean fluid temperature in the evaluation of the condensation heat transfer coefficient. 3 Liquid flow 
through the tube is fully developed. 4 The thickness and the thermal resistance of the tube is negligible. 

Properties The properties of water at the saturation 
temperature of 40°C are /z fg = 2407x1 0 3 J/kg and 
p v = 0.05 kg/m . The properties of liquid water at 
the film temperature of 

T f = (7 sat +T S )/ 2 = (50+20)/2 = 35°C and at the 
bulk fluid temperature of T h = {T m + T out ) / 2 = (25 
+ 35)/2 = 30°C are (Table A-9), 


Steam 

40°C 


Cooling 

water 

25 °C 



35°C 



At 35°C : 

Pi =994.0 kg/m 3 
Pi = 0.720 xlO -3 kg/m- s 
c pl =4178 J/kg °C 
k t = 0.623 W/m-°C 


At 30°C : 


Pi =996.0 kg/m 


i i i i i 

Condensate 


v t = ju t ! Pi = 0.801x10 6 m 2 /s 


c pl =4178 J/kg -°C 
k l = 0.615 W/m -°C 
Pr = 5.42 

Analysis The mass flow rate of water and the rate of heat transfer to the water are 

'"water = P VA c = (996 kg/m 3 )(2 m/s)|>r(0.03 m) 2 / 4] = 1 .408 kg/s 

Q = me p (T out -T in ) = (1 .408 kg/s)(4178 J/kg • °C)(35 - 25)°C = 58,820 W 

The modified latent heat of vaporization is 
h f g = h f g +0.68 c pl (T Sit -T s ) 

= 2407 x 10 3 J/kg + 0.68x4178J/kg.°C(40-30)°C = 2435xl0 3 J/kg 
The heat transfer coefficient for condensation on a single horizontal tube is 

n 1/4 

fg 


^0 ^horizontal 0.729 


3 

gPiiPi -P v )h fs k, 


Pl( T sat~ T s) D 


= 0.729 


(9.8 m/s 2 )(994 kg/m 3 )(994 - 0.05 kg/m 3 )(2435 x 10 3 J/kg)(0.623 W/m • °C) 

,-3 


n 1/4 


(0.720 x 10“" kg/m • s)(40 - 30)°C(0.03 m) 

= 9292 W/m 2 -°C 

The average heat transfer coefficient for flow inside the tube is determined as follows: 

(2 m/s)(0.03 m) 


V 


0.801 xlO -6 


= 74,906 


Nu = 0.023 Re 0 ' 8 Pr 0 ' 4 = 0.023(74,906)°' 8 (5.42) a4 = 359 


h = 


ANu = (0.615W/m.°C)x359 = 735? w/m2 


D 0.03 m 

Noting that the thermal resistance of the tube is negligible, the overall heat transfer coefficient becomes 


U = 


1 


1 


1 !h; +l/h» 1/7357 + 1/9292 


= 4106 W/m .C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



10-61 


The logarithmic mean temperature difference is: 



ATi-AT e 

MATJATJ 


15 5 = 9.10°C 
ln(15 / 5) 


The tube length is determined from 


Q = 

Note that the 
the total tube 


hA s AT Xn ^L = 


Q 

h(nD)AT in 


58,820 W 

(4106 W/m 2 •°C);r(0.03m)(9. 


flow is turbulent, and thus the entry length in this case is 10 D 
length. This verifies our assumption of fully developed flow. 


= 16.7 m 

10°C) 

= 0.3 m is much shorter than 
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10-83 Saturated ammonia at a saturation temperature of T sat = 25 °C condenses on the outer surface of 
vertical tube which is maintained at 15°C by circulating cooling water. The rate of heat transfer to the 
coolant and the rate of condensation of ammonia are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The tube can be treated as a 
vertical plate. 4 The condensate flow is turbulent over the entire tube (this assumption will be verified). 5 
The density of vapor is much smaller than the density of liquid, p v « P/ . 

Properties The properties of ammonia at the saturation temperature of 25°C are h ig = 1 166x10 J/kg and p, 
= 7.809 kg/nr . The properties of liquid ammonia at the film temperature of T f - (T sat + T s ) / 2 = (25 + 

15)/2 = 20°C are (Table A-l 1), 


Pi =610.2 kg/m 


-4 


/u l = 1.519x10’ kg/m-s 

v l=jUl /p l= 0.2489 x 10" 6 m 2 /s 
Cpl = 4745 J/kg • °C 
k t =0.4927 W/m-°C 
Pr 7 =1.463 

Analysis ( a ) The modified latent heat of vaporization is 
h *fg = h fg + 0-68c p ,(T s ^ -T s ) 

= 1166xl0 3 J/kg + 0.68x4745 J/kg • 0 C(25-15)°C = 1 198 xlO 3 J/kg 
Assuming turbulent flow, the Reynolds number is determined from 



Re = Re 


vertical, turb 


0-0690 Lk, Pr 0 ' 5 (T sat -T s ) 


Mi 1 * A 


g 


X 1/3 


n4/3 


_g_ 

2 

v l 


— 1 5 1 Pr 05 + 25 3 


0.0690 x 2 x 0.4927 (1 .463) 05 (25 -15)' 


(1.519xl0“ 4 kg/m.s)(1198xl0 3 J/kg) 


9.81 


X 1/3 


-i4/3 


(0.2489 x!0~ 6 m 2 /s) 2 


0.5 


-151(1.463) +253 


= 2142 


which is greater than 1800, and thus our assumption of turbulent flow is verified. Then the condensation 
heat transfer coefficient is determined from 


h = h 


Rei 


vertical, turbulent 


8750 + 58 Pr -0 ’ 5 (Re a75 - 253) 


r V / 3 

g_ 

2 

V v / 7 


2 142 x (0.4927 W/m-°C) 


8750 + 58 xl.463" 0-5 (2142 0/75 -253) 


9.81 m/s 


\ 1/3 


(0.2489 x 10" 6 m 2 /s) 2 


= 4873 W/m 2 -°C 


2 

The heat transfer surface area of the tube is A s - nDL - ^(0.032 m)(2 m) = 0.201 1 m . Then the rate of 
heat transfer during this condensation process becomes 

Q = hA s (T sat - T s ) = (4873 W/m 2 • °C)(0.20 1 1 m 2 )(25 - 1 5 )°C = 9800 W 
(b) The rate of condensation of ammonia is determined from 

Q 9800 J/s 


yyi . — 

condensation ❖ 

h 


= 8.180x10 3 kg/s 


fg 1198x10 J/kg 
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10-84 There is film condensation on the outer surfaces of 8 horizontal tubes arranged in a horizontal or 
vertical tier. The ratio of the condensation rate for the cases of the tubes being arranged in a horizontal tier 
versus in a vertical tier is to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The heat transfer coefficients for the 
two cases are related to the heat transfer 
coefficient on a single horizontal tube by 


Horizontal tier: 


h 


horizontal tier of N tubes 


= h 


horizontal, 1 tube 


Vertical tier: 


h 


vertical tier of N tubes 


h 


horizontal, 1 tube 


N 


1/4 


Therefore, 



Horizontal tier 


Vertical tier 



Ratio = 


^horizontal tier of N tubes 


^ vertical tier of N tubes 


h 


horizontal tier of N tubes 


h 


vertical tier of N tubes 

h 

n horizontal, 1 tube 


^horizontal, 1 tube 

= N x ' 4 

= 8 1/4 = 1.68 


IN 1 ' 4 
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10-85E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of T sat = 
100°F (Table A-9E) condenses on the outer surfaces of 144 horizontal tubes which are maintained at 80°F 
by circulating cooling water and arranged in a 12 x 12 square array. The rate of heat transfer to the cooling 
water and the rate of condensation of steam are to be determined. 


Assumptions 1 Steady operating conditions exist. 

2 The tubes are isothermal. 

Properties The properties of water at the 
saturation temperature of 100°F are h fg = 1037 
Btu/lbm and p v = 0.00286 lbm/ft 3 . The properties 
of liquid water at the film temperature of 
T f = (Tsat + T s ) / 2 = (100 + 80)/2 = 90°F are 

(Table A-9E), 

p, =62.12 lbm/ft 3 

p, =5.117 x 1(T 4 lbm/ft • s = 1 .842 lbm/ft • h 

v, = p t / p; =0.02965 ft 2 /h 
c pl = 0.999 Btu/lbm °F 
k, = 0.358 Btu/h- ft -°F 

Analysis ( a ) The modified latent heat of vaporization is 


Saturated 

steam 


P = 0.95 psia 
144 tubes ^ 80°F 



B ► 

Cooling 

water 

UH 


h fg = h fg+0M c pi(T , sat -T s ) 

= 1 037 Btu/lbm + 0.68 x (0.999 Btu/lbm • °F)( 1 00 - 80)°F 
= 1051 Btu/lbm 


The heat transfer coefficient for condensation on a single horizontal tube is 

* o -| 1 / 4 

, sPiiPi -p„)h f „k, 

h = h honz = 0.729 


= 0.729 


Mi(T, sat -T S )D 


(32.2 ft/s 2 )(62. 12 lbm/ft 3 )(62.12 -0.00286 lbm/ft 3 )(1051 Btu/lbm)(0.358 Btu/h -ft • °F) 3 


nl/4 


[(1 h/3600 s) z ](1 .842 lbm/ft • h)(l 00 - 80)°F( 1.2/12 ft) 

= 1562 Btu/h • ft 2 .°F 
Then the average heat transfer coefficient for a 4-tube high vertical tier becomes 

1 


h 


Ai 


horiz, N tubes r i / a n horiz, 1 tube ^ \ / a 

N 12 ' 


1 (1562 Btu/h ■ ft 2 • °F) = 839 Btu/h ■ ft 2 • °F 


The surface area for all 144 tubes is 

A s = /V total 7iDL = 144/r(l .2/12 ft)( 15 ft) = 678.6 ft 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (r sat -7;,) = (839 Btu/h. ft 2 • o F)(678.6ft 2 )(100-80) o F = ll,387,000Btu/h 


(b) The rate of condensation of steam is determined from 


m 


condensation 



1 1,387,000 Btu/h 
1051 Btu/lbm 


10,830 lbm/h 
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10-86E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of T sat = 
100°F (Table A-9E) condenses on the outer surfaces of 144 horizontal tubes which are maintained at 80°F 
by circulating cooling water and arranged in a 12 x 12 square array. The rate of heat transfer to the cooling 
water and the rate of condensation of steam are to be determined. 


Assumptions 1 Steady operating conditions exist. 

2 The tubes are isothermal. 

Properties The properties of water at the 
saturation temperature of 100°F are h ig = 1037 
Btu/lbm and p v = 0.00286 lbm/ft 3 . The properties 
of liquid water at the film temperature of 
T f = (7 sat + T s ) / 2 = (100 + 80)/2 = 90°F are 

(Table A-9E), 
p, =62.12 lbm/ft 3 

Pj = 5.117 x 10 -4 lbm/ft • s = 1 .842 lbm/ft • h 

v, =p,/p, =0.02965 ft 2 /h 
c pl = 0.999 Btu/lbm °F 
k, = 0.358 Btu/h- ft -°F 

Analysis (a) The modified latent heat of vaporization is 


Saturated 

steam 



h fg = h fg +0.6Sc pl (T, sat ~ T s) 

= 1 037 Btu/lbm + 0.68 x (0.999 Btu/lbm • °F)( 1 00 - 80)°F 
= 1051 Btu/lbm 


The heat transfer coefficient for condensation on a single horizontal tube is 

* o n 1 / 4 

, £Pi(Pi -p„)hf„k, 

h = h honz = 0.729 


= 0.729 


Mi( t m ~ T s) d 


(32.2 ft/s 2 )(62. 12 lbm/ft 3 )(62. 12 -0.00286 lbm/ft 3 )(1051 Btu/lbm)(0.358 Btu/h -ft • °F) 3 


nl/4 


[(1 h/3600 s) z ](1 .842 lbm/ft • h)(100 - 80)°F(2.0/12 ft) 

= 1374 Btu/h • ft 2 -°F 

Then the average heat transfer coefficient for a 4-tube high vertical tier becomes 


h 


1 


Ai 


1 


( 1 374 Btu/h ■ ft 2 • °F) = 739 Btu/h • ft z • °F 


2 oi 


horiz, N tubes At horiz, 1 tube ^\ia 

N 12 


The surface area for all 144 tubes is 

A s = N totM ;rDL = 1 44/r(2 / 1 2 ft)( 1 5 ft) = 1 1 3 1 ft 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T sat -T s ) = (739 Btu/h. ft 2 • °F)(1 1 3 1 ft 2 )( 1 00 - 80)°F = 16,716,000 Btu/h 


(b) The rate of condensation of steam is determined from 


m 


condensation 



16,716,000 Btu/h 
1051 Btu/lbm 


= 15,900 lbm/h 
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10-87 Water is boiled at 7 sat = 100°C by a chemically etched stainless steel electric heater whose surface 
temperature is maintained at T s = 1 15°C. The rate of heat transfer to the water, the rate of evaporation of 
water, and the maximum rate of evaporation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are 
negligible. 


Properties The properties of water at the saturation temperature of 
100°C are (Tables 10-1 and A-9) 

p l =957.9 kg/m 3 
p v =0.60 kg/m 3 
<r = 0.0589 N/m 
Pr 7 =1.75 

h Jg = 2257 xlO 3 J/kg 

p l = 0.282 xlO -3 kg- m/s 
c pl = 4217 J/kg -°C 



Also, C 9 y = 0.0130 and n = 1.0 for the boiling of water on a chemically etched stainless steel surface 

(Table 10-3). Note that we expressed the properties in units specified under Eq. 10-2 in connection with 
their definitions in order to avoid unit manipulations. 

Analysis ( a ) The excess temperature in this case is AT = T s - T sat =115-100 = 15°C which is relatively 

low (less than 30°C). Therefore, nucleate boiling will occur. The heat flux in this case can be determined 
from Rohsenow relation to be 


^nucleate A/^/g 


g(Pl -Pv) 

1/2 

" c pJ (T s ~T s S 

C7 


{ C sfh fg Pr/' J 


= (0.282 x10 _3 )(2257x10 3 ) 


= 474,900 W/m 


"9.8(957.9-0.60)" 

1/2 

( 4217(115-100) 

0.0589 


v 0.0130(2257xl0 3 )1.75 y 


The surface area of the bottom of the heater is A s = ttDL = ^(0.002 m)(0.8m) = 0.005027 m 
Then the rate of heat transfer during nucleate boiling becomes 

foiling = Enucleate = (0.005027 m 2 )(474,900 W/m 2 ) = 2387 W 
The rate of evaporation of water is determined from 

^boiling 2387 J/s 


m 


evaporation 


h 


fg 


2257x1 O' 3 J/kg 


= 1.058 x 10~ J kg/s = 3.81 kg/h 


(, b ) For a horizontal heating wire, the coefficient C cr is determined from Table 10-4 to be 
g(Pl -Pv) 


z* = z 


r -'- - ^ 1/2 ^ 9.8(957.9 -0.60^ 1/2 


a 


= ( 0 . 001 ) 


0.0589 


= 0.399 <1.2 


C cr =0.12 L*~°- 25 =0.1 2(0.399) “°- 25 =0.151 
Then the maximum or critical heat flux is determined from 

q max = C cr h /g [ogpl (pi - A<)] 1/4 = 0. 15 1(2257 xl0 3 )[0.0589x 9.8 x (0.6) 2 (957.9 -0.60)] 
= 1,280,000 W/m 2 =1280kW/m 2 


1/4 
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10-88E Steam at a saturation temperature of 7 sat = 100°F condenses on a vertical plate which is maintained 
at 80°C. The rate of heat transfer to the plate and the rate of condensation of steam per ft width of the plate 
are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The plate is isothermal. 3 The condensate flow is 
wavy-laminar over the entire plate (this assumption will be verified). 4 The density of vapor is much 
smaller than the density of liquid, p v « P/ - 


Properties The properties of water at the saturation temperature of 100°F are /z fg = 1037 Btu/lbm and p v = 
0.00286 lbm/ft 3 . The properties of liquid water at the film temperature of T f = (T sat + T s ) / 2 = (100 + 80)/2 

= 90°F are (Table A-9E), 


p, =62.12 lbm/ft 3 

Pi =5.117xl(T 4 lbm/ft • s = 1 .842 lbm/ft • h 

v, = p, / Pl =0.02965 ft 2 /h 
c pi = 0.999 Btu/lbm -°F 
k, = 0.358 Btu/h- ft °F 

Analysis The modified latent heat of vaporization is 

h fg =h fg +0 - 68c /7/( r sat ~ T s) 

= 1037 Btu/lbm + 0.68 x (0.999 Btu/lbm • °F)( 1 00 - 80)°F 
= 1051 Btu/lbm 



Assuming wavy-laminar flow, the Reynolds number is determined from 

3J0Lk,(T sat -T s ) 


Re = Re 


vertical, wavy 


4.81 + 


M} g 


( \ 

1/3 

g 





4.81 + 


3.70 x (6 ft) x (0.358 Btu/h • ft • °F) x (100 - 80)°F 


(1.842 lbm/ft • h)(105 1 Btu/lbm) 


32.2 ft/s 


(3600 s) 


X 1/3 


nO.82 


(0.02965 ft 2 /h) 2 (lh) 2 


= 201 


which is between 30 and 1800, and thus our assumption of wavy laminar flow is verified. Then the 
condensation heat transfer coefficient is determined from 


h = h 


Re k , 


vertical, wavy 


1.08 Re 1,22 -5.2 


201 x (0.358 Btu/h- ft -°F) 


1 .08(201) 1 22 -5.2 


r x 1/3 

g_ 

2 

7 

32.2 ft/s 


(3600 s) 


X 1/3 


(0.02965ft 2 /h) 2 (lh) 2 


= 811 Btu/h - ft 2 °F 


The heat transfer surface area of the plate is 
A s =WxL = ( 4ft)(lft) = 4 ft 2 


Then the rate of heat transfer during this condensation process becomes 

Q = hA s (F sat - T s ) = (8 1 1 Btu/h • ft 2 • °F)( 4 ft 2 )(1 00 - 80)°F = 64,880 Btu/h 


The rate of condensation of steam is determined from 


m 


condensation 



64,880 Btu/h 
1051 Btu/lbm 


61.7 lbm/h 
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10-89 Saturated refrigerant- 134a vapor condenses on the outside of a horizontal tube maintained at a 
specified temperature. The rate of condensation of the refrigerant is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 

Properties The properties of refrigerant- 1 34a at the saturation temperature of 35°C are h fg = 168.2xl0 3 
J/kg and p v = 43.41 kg/m . The properties of liquid R-134a at the film temperature of 
T f = (r sat + T s ) / 2 = (35 + 25)/2 = 30°C are (Table A- 10), 


= 1188 kg/m 3 

Pi = 1.888 xlO -4 kg/m.s 
c pl = 1448 J/kg.°C 
k, = 0.0808 W/m.°C 

Analysis The modified latent heat of vaporization is 

h fg = h fg + °- 68c p/ (^sat - T s ) 


R-134a 

35°C 



r 


25°C 


A ube= 1.5 cm 

f'tube — 7m 


I I I I I 

Condensate 


= 168.2 x 10 3 J/kg + 0.68 x 1448 J/kg • °C(35 - 25)°C = 178.0 x 10 3 J/kg 
The heat transfer coefficient for condensation on a single horizontal tube is 

* n 1/4 


h = ^horizontal = °- 729 


SPl (Pi ~ Pv)hf g k, 

Pl( T s at ~T S )D 


= 0.729 


(9.81 m/s 2 )(l 188 kg/m 3 )(l 188-43.41 kg/m 3 )(178.0xl0 3 J/kg)(0.0808W/m-°C) 3 

(1.888 x 10 -4 kg/m • s)(35 - 25)°C(0.015 m) 


n 1/4 


= 1880 W/m 2 • °C 

The heat transfer surface area of the pipe is 

A s = nDL = ^-(0.015 m)(7 m) = 0.3299 m 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (r sat - T s ) = (1880 W/m 2 • °C)(0.3299 m 2 )(35 - 25)°C = 6200 W 
The rate of condensation of steam is determined from 

Q 6200 J/s 


^condensation 


h* fg 178.0 xlO 3 J/kg 


= 0.0348 kg/s = 2.09 kg/min 
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10-90 Saturated refrigerant- 134a vapor condenses on the outside of a horizontal tube maintained at a 
specified temperature. The rate of condensation of the refrigerant is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 

Properties The properties of refrigerant- 1 34a at the saturation temperature of 35°C are h fg = 168.2xl0 3 
J/kg and p v = 43.41 kg/m . The properties of liquid R-134a at the film temperature of 
T f = (r sat + r, ) / 2 = (35 + 25)/2 = 30°C are (Table A- 10), 

3 


R-134a 

35°C 



Pi = 1188 kg/m 
Pi = 1.888 xlO” 4 kg/m.s 

v, = Hi I Pi = 0.1590xlCT 6 m 2 /s 
c pl = 1448 J/kg.°C 
k, = 0.0808 W/m.°C 

Analysis The modified latent heat of vaporization is 

h fg = h .fg +0.6S c p i(T sat -T s ) 

= 168.2xl0 3 J/kg + 0.68 x 1448 J/kg- °C(35-25)°C = 178.0xl0 3 J/kg 
The heat transfer coefficient for condensation on a single horizontal tube is 


r 


25°C 


A ub e = 3 cm 

T'tube — 7m 


I I I I 

Condensate 


i 


h = ^horizontal = °- 729 


gPi (Pi - Pv)h fg k l 
Ml ( T , sat -TJD 


n 1/4 


= 0.729 


(9.81m/s 2 )(1188 kg/m 3 )( 11 88 -43.41 kg/m 3 )(178.0xl0 3 J/kg)(0.0808 W/m-°C) 3 

,-4 


n 1/4 


(1 .888 x 10"* kg/m • s)(35 - 25)°C(0.03 m) 

= 1581 W/m z • °C 
The heat transfer surface area of the pipe is 

A s = t:DL = ^-(0.03 m)(7 m) = 0.6597 m 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (r sat -T s ) = (1581 W/m 2 • °C)(0.6597 m 2 )(35 - 25)°C = 10,430 W 
The rate of condensation of steam is determined from 

Q 10,430 J/s 


^condensation x= 

h 


fg 178.0x10 J/kg 


= 0.0586 kg/s = 3.52 kg/min 
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10-91 Saturated steam at 270.1 kPa pressure and thus at a saturation temperature of T sat = 130°C (Table A- 
9) condenses inside a horizontal tube which is maintained at 1 10°C. The average heat transfer coefficient 
and the rate of condensation of steam are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The vapor velocity is low so 
that Re vapor < 35,000. 

Properties The properties of water at the saturation temperature of 130°C are h tg = 2174xl0 3 J/kg and p v 
= 1.50 kg/m 3 . The properties of liquid water at the film temperature of T j ■ = (T sat +T S )1 2 = (130 + 1 10)/2 

= 120°C are (Table A-9), 


Pi =943.4 kg/m 3 
Pi = 0.232 xlO -3 kg/m. s 
V/ = p t / p l = 0.246 xl0 _6 m 2 /s 
Cpl = 4244 J/kg.°C 
k t = 0.683 W/m.°C 

Analysis The condensation heat transfer coefficient is 
determined from 


Steam 

270.1 k Pa 11QC 

Aube= 2.5 cm 

^tube — ^0 


I I i i I 

Condensate 




h = h; 


internal 


= 0.555 


gPi(Pi ~Pv) k i 


M T i sat ~ T s ) 


3 A 

h fg +~ C nli T , at ~T S ) 


n 1/4 


8 


pl sat 


= 0.555 


(9 . 8 m/s 2 )(943 .4 kg/m 3 )(943 .4 - 1 . 50) kg/m 3 )(0. 68 3 W/m • °C) 3 


(0.232 xl0~ 3 kg/m • s)(130 - 1 10) °C 


X 


2174 x 10 3 J/kg + - (4244 kJ/kg • °C)(130 - 1 10)°C 
8 


nl/4 


= 3345 W/m 2 °C 


The heat transfer surface area of the pipe is 

A s =tiDL = ^-(0.025 m)( 10 m) = 0.7854 m 2 
Then the rate of heat transfer during this condensation process becomes 

Q = hA s (T m -T s ) = (3345 W/m 2 • °C)(0.7854 m 2 )(1 30 - 1 10)°C = 52,543 W 
The rate of condensation of steam is determined from 


^condensation 


Q_ 

h f S 


52,543 J/s 
2174x 10 3 J/kg 


0.0242 kg/s 
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10-92 Saturated steam condenses on a suspended silver sphere which is initially at 30°C. The time needed 
for the temperature of the sphere to rise to 50°C and the amount of steam condenses are to be determined. 

Assumptions 1 The temperature of the sphere changes uniformly and thus the lumped system analysis is 
applicable. 2 The average condensation heat transfer coefficient evaluated for the average temperature can 
be used for the entire process. 3 Constant properties at room temperature can be used for the silver ball. 

Properties The properties of water at the saturation temperature of 100°C are /z fg = 2257x1 0 3 J/kg and p v 
= 0.60 kg/m . The properties of the silver ball at room temperature and the properties of liquid water at the 
average film temperature of T f - (T sal + T s avg )/2 = (100 + 40)/2 = 70°C are (Tables A- 3 and A-9), 


Silver Ball : 


p = 10,500 kg/m 3 
a = 174xl0~ 6 m 2 /s 


Liquid Water : 

p, =977.5 kg/m 3 
p, = 0.404 xl(T 3 kg/m -s 
c p , = 4190 J/kg -°C 
k, = 0.663 W/m -°C 


Silver 

sphere 


c p = 235 J/kg -°C 
k l = 429 W/m • °C 

Analysis The modified latent heat of vaporization is 

h fg = h .fg + °' 68c p/ (T’sat - T s ) 

= 2257 x 10 3 J/kg + 0.68 x 4190 J/kg • °C( 100 - 40)°C = 2428 x 10 3 J/kg 
Noting that the tube is horizontal, the condensation heat transfer coefficient is determined from 



Steam 

100°C 


* = V =0-813 


gPiiPi -Pv)h* fg kf 
Mi ( T . sat ~ T ,)D 


n 1/4 


= 0.813 


(9.8 m/s 2 X977.5 kg/m 3 )(977.5 - 0.60 kg/m 3 )(2428 x 10 3 J/kg)(0.663 W/m • °C) 3 


n 1/4 


(0.404 x 1 0 “ 3 kg/m • s) (1 00 - 40)°C(0.0 1 5 m) 


= 9445 W/m 2 -°C 


The characteristic length and the Biot number for the lumped system analysis is (see Chap. 4) 

r {/ ttD 3 / 6 D 0.015m n 
L= — = — = — = = 0.0025 m 


Bi = 


A jiD 6 6 

hL c _ (9445 W/m 2 > °C)(0.0025 m) 
k ~ (429 W/m -°C) 


= 0.055 <0.1 


The lumped system analysis is applicable since Bi < 0.1. Then the time needed for the temperature of the 
sphere to rise from 30 to 50°C is determined to be 

hA„ 


b = 


h 


9445 W/m 2 °C 


pc V pc L c (10.500 kg/m 3 )(235 J/kg . o C)(0.0025m) 


= 1.531s 


-1 


T(t) — T oo -b t 

= e 


50 — 100 -1531/ 

-» = e > t= 0.22s 


T -T 

M i ± oo 


30-100 

The total heat transfer to the ball and the amount of steam that condenses become 


^sphere = = p 


ttD 3 , 3 x tt( 0.015 m) 3 


= (10,500 kg/m ) 


= 0.0186 kg 


6 6 
Q = mc p [T{t) - T t ] sphere = (0.01 86 kg)(235 J/kg • °C)(50 - 30)°C = 87.2 J 


yyi ' — 

condensation 


0 


87.2 J/s 


= 0.0359x10 3 kg/s 


h fg 2428 xlO 3 J/kg 
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10-93 Steam at a saturation temperature of r sat = 100°C condenses on a suspended silver sphere which is 
initially at 30°C. The time needed for the temperature of the sphere to rise to 50°C and the amount of steam 
condenses during this process are to be determined. 

Assumptions 1 The temperature of the sphere changes uniformly and thus the lumped system analysis is 
applicable. 2 The average condensation heat transfer coefficient evaluated for the average temperature can 
be used for the entire process. 3 Constant properties at room temperature can be used for the silver ball. 

Properties The properties of water at the saturation temperature of 100°C are h ig = 2257x1 0 3 J/kg and p v 
= 0.60 kg/m . The properties of the silver ball at room temperature and the properties of liquid water at the 
average film temperature of 7y = (T sat + T s avg ) / 2 = (100 + 40)/2 = 70°C are (Tables A- 3 and A-9), 


Silver Ball : 


p = 10,500 kg/m 3 
a = 174xl0~ 6 m 2 /s 


Liquid Water : 

Pi = 977.5 kg/m 3 
/// = 0.404 xlO -3 kg/m -s 
c pl = 4190 J/kg -°C 
k l = 0.663 W/m-°C 


Silver 

sphere 


c p = 235 J/kg -°C 
k l =429 W/m-°C 

Analysis The modified latent heat of vaporization is 

h fg = h fg + °- 68c p/ (^sat - T s ) 

= 2257 X 10 3 J/kg + 0.68 x 4190 J/kg • °C( 100 - 40)°C = 2428 x 10 3 J/kg 
Noting that the tube is horizontal, the condensation heat transfer coefficient is determined from 



Steam 

100°C 


h = h sph =0.813 


gPiiPi ~P v )h* fg k? 
Pl ( T , sat ~ T s ) D 


n 1/4 


= 0.813 


(9.8 m/s 2 )(977.5 kg/m 3 )(977.5 - 0.60 kg/m 3 )(2428 x 10 3 J/kg)(0.663 W/m • °C) 3 


n 1/4 


(0.404 x 1 0 “ 3 kg/m • s) (1 00 - 40)°C(0.03 m) 


= 7942 W/m 2 °C 


The characteristic length and the Biot number for the lumped system analysis is (see Chap. 4) 


L = 


Bi = 


v_ 

T 

hL. 


nD 3 16 D 
kD 2 6 


0.03 m 


= 0.005 m 


(7942 W/m 2 -°C)(0.005 m) 


= 0.093 <0.1 


k (429 W/m -°C) 

The lumped system analysis is applicable since Bi < 0.1. Then the time needed for the temperature of the 
sphere to rise from 30 to 50°C is determined to be 


4= hA ' 


h 


7942 W/m -°C 


PCpV / oc„L 


P C 


m-r t 


T; -T 


OO —bt 

= e 


(10,500 kg/m 3 )(235 J/kg • °C)(0.005 m) 

> t = 0.52 s 


= 0.644 s 


-l 


50-100 -0.644/ 

■» = e 


oo 


30-100 


The total heat transfer to the ball and the amount of steam that condenses become 

3 3 

'"sphere = P^ = P = (10.500 kg/m 3 ) ;r(0 - 03m) = 0. 148 kg 

6 6 

Q = me p [ T(t ) - Ti ] sphere = (0. 148 kg)(235 J/kg • °C)(50 - 30)°C = 698 J 
Q 698 J/s 


^condensation * 

h 


= 0.287 x 10 _3 kg/s 


fg 2428x10 J/kg 
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10-94 Saturated steam at a saturation temperature of r sat = 95 °C (Table A-9) 
condenses on a canned drink at 2°C in a dropwise manner. The heat transfer 
coefficient for this dropwise condensation is to be determined. 

Assumptions The heat transfer coefficient relation for dropwise condensation 
that was developed for copper surfaces is also applicable for aluminum surfaces. 

Analysis Noting that the saturation temperature is less than 100°C, the heat 
transfer coefficient for dropwise condensation can be determined from Griffith’s 
relation to be 

h = / 2 dropwise = 5 1,104 + 2044r sat = 5 1,104 + 2044 x 95 = 245,284 W/m 2 • °C 


Steam 
95 °C 



Drink 

2°C 




10-95 Water is boiled at 1 atm pressure and thus at a saturation temperature of r sat = 100°C by a nickel 
electric heater whose diameter is 2 mm. The highest temperature at which this heater can operate without 
burnout is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the water are negligible. 

Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9) 

p, =957.9 kg/m 3 

p v =0.60 kg/m 3 
<7 = 0.0589 N/m 
Pr z =1.75 


h fg = 2257 x 10 3 J/kg 

p l =0.282xl0 -3 kg- m/s 
c pl =4217 J/kg -°C 


1 atm 



Also, C s j- = 0.0060 and n = 1.0 for the boiling of 
water on a nickel surface (Table 10-3). 

Analysis The maximum rate of heat transfer without the burnout is simply the critical heat flux. For a 
horizontal heating wire, the coefficient C cr is determined from Table 10-4 to be 


Z* = I 


g(Pl ~ Pv) 


X 1/2 


( 7 


= ( 0 . 001 ) 


9.8(957.9-0.60 

0.0589 


X 1/2 


= 0.399 <1.2 


C cr =0.12 L*-°- 25 =0. 12(0.399) “°- 25 =0.151 
Then the maximum or critical heat flux is determined from 

<7max =C cr h fg [ogpl{ Pl - A ,)] 1/4 =0.151(2257x10 3 )[0.0589x9.8x(0.6) 2 (957.9-0.60)] 1/4 
= 1,280,000 W/m 2 

Rohsenow relation which gives the nucleate boiling heat flux for a specified surface temperature can also 
be used to determine the surface temperature when the heat flux is given. Substituting the maximum heat 
flux into Rohsenow relation together with other properties gives 


Enucleate Pl^fg 


giPl-Pv) 

1/2 

' c P j(T s -T s S 

G 


{ C sf h f g Pr " J 


1,280,000 = (0.282 x 10~ 3 )(2257 x 10 3 ) 


"9.8(957.9-0.60)' 

1/2 

4217(7; -100) ' 

0.0589 


v 0.0060(2257 xl0 3 )l .75 , 


It gives the maximum temperature to be: T = 109.6°C 
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10-96 Saturated steam is generated at 100°C in a horizontal heat exchanger. The tube surface temperature 
is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal. 

Properties The latent of vaporization of water at 100°C is h/ g = 2257 kJ/kg (Table A-9). 

Analysis The rate of heat transfer is 

Q = ^condensation^ = (50 / 60 kg/s)(2257 X 10 3 J/kg) = 1 .88 1 X 10 6 W 

Substituting the relation for the heat transfer coefficient, the tube surface temperature is determined from 

o = hA s (-/; V ) 

Q = 5.56(7; -r sat ) 3 (100 nDLXT, -T m ) 

1.881 x 10 6 W = 5.56(7; - 100) 3 [l00;r(0.05 m)(2 rn)](7’ s - 100) 

T s = 110.2 °C 


10-97 Steam is generated by an electrical heater rod with a rating of 1.5 kW. The heater surface 
temperature and the rate of steam generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heater surfaces are isothermal. 

Properties The latent of vaporization of water at 1 atm (101.3 kPa) (T sat = 100°C) is hf g = 2257 kJ/kg 
(Table A-9). 

Analysis The tube surface temperature is determined from 

Q = hA s (T s -T sat ) 

Q = 5.56(7; - T sllt ) 3 (nDL)(T s - 7’ sat ) 

1.500 W = 5.56(7; -100) 3 [^-(0.01 m)(0.30 m)](7’ s -100) 

T s = 1 1 3 °C 

The rate of condensation of steam is determined from 


m 


condensation 


Q_ 

h f S 


1500 J/s 


= 6.646x10 4 kg/s = 2.39 kg/h 


2257 xlO 3 J/kg 
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10-98 Ammonia is liquefied in a horizontal condenser at 37°C by a coolant at 20°C. The average value of 
overall heat transfer coefficient and the tube length are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal. 3 The thermal resistance of 
the tube walls is negligible. 

Properties The properties of ammonia at the saturation temperature of 310 K (37°C) are /z ig = 1 1 13x1 0 3 

o 

J/kg and p v = 1 1.09 kg/m (Table A-l 1). We assume a tube outer surface temperature of 31°C. The 
properties of liquid ammonia at the film temperature of 7y = (T sat + T s ) / 2 = (37 + 3 1 )/2 = 34°C are (Table 

A-l 1) 


p / = 589.0 kg/m 3 
p l = 1.303 xlO -4 kg/m- s 
c pl = 4867 J/kg • °C 
k l = 0.4602 W/m-°C 

The thermal conductivity of copper is 401 W/m-°C (Table A-3). 
Analysis ( a ) The modified latent heat of vaporization is 

h *fg =h fg +0 - 68c pl( T : sat ~ T s ) 

= 1 1 13 x 10 3 J/kg + 0.68 x 4867 J/kg • °C(37 - 3 1)°C 
= 1133xl0 3 J/kg 



The heat transfer coefficient for condensation on a single horizontal tube is 

n 1/4 

fg 


h = ^horizontal = °- 729 


gPiiPi ~P v )h fs k, 


Pl(T sat “L 


= 0.729 


(9.8 m/s 2 )(589.0 kg/m 3 )(589.0 - 1 1 .09 kg/m 3 )(1 133 x 10 3 J/kg)(0.4602 W/m • °C) 3 


nl/4 


,-4 


(1 .303 x 10"" kg/m • s)(37 - 3 1)°C(0.038 m) 


= 7693 W/m 2 -°C 


Noting that there are two 2-pipe high, two 3-pipe high, and one 4-pipe high vertical tiers in the tube-layout, 
the average heat transfer coefficient is to be determined as follows 


>h 

h 2 

K 

h. 


1 


h, 


1 (7693 W/m 2 • °C ) = 6469 W/m 2 • °C 


N U4 ‘horiz, 1 tube 1/4 

^hortz, 1 tube = (7693 W/m 2 • °C) = 5845 W/m 2 • °C 


1 


ht 


1 


(7693 W/m 2 • °C) = 5440 W/m z ■ °C 


2 oj 


n \/4 horiz, 1 tube ^ 1/4 


2x2 h x +2x3h 2 + lx4h 3 4x6469 + 6x5845 + 4x5440 


2x 2+2x3+ 1x4 


14 


= 5908 W/m 2 -°C 


Let us check if the assumed value for the rube temperature was reasonable 


h'AiATi = h 0 A 0 AT 0 


(4000)^(0.030 )Z(r tube -20) = (5908)^(0.038)1(37 -r tube ) 

r tub e = 31.1°C 


which is very close to the assumed value of 31°C. The overall heat transfer coefficient based on the outer 
surface is determined from 
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u Do , DqMDq/D,) t 1 ~ 

° W, 2* Aj 

_ ' 0.038 0.038 ln(3.8/ 3.0) 1 V 1 

\ 0.030x4000 2(401) 5908 , 

= 2012 W/m 2 °C 

(&) The rate of heat transfer is 

Q = ^condensation^ = (900 / 3600 kg/s)(l 1 13 x 10 3 J/kg) = 2.783 x 10 5 W 
Then the tube length may be determined from 

Q = u 0 a 0 at 

2.783 xlO 5 W = (2012 W/m 2 -C)(14) /r(0.038 m)I(37-20) 

L = 4.87 m 
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Fundamentals of Engineering (FE) Exam Problems 


10-99 Saturated water vapor at 40°C is to be condensed as it flows through a tube at a rate of 0.2 kg/s. The 
condensate leaves the tube as a saturated liquid at 40°C. The rate of heat transfer from the tube is 

(a) 34 kJ/s (b) 268 kJ/s (c) 453 kJ/s (d) 481 kJ/s (e) 515 kJ/s 


Answer (d) 481 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T1=40 [C] 
m_dot=0.2 [kg/s] 

h_f=ENTHALPY(Steam_IAPWS,T=T1 ,x=0) 
h_g=ENTH ALPY(Steam_l APWS,T =T 1 ,x=1 ) 
h_fg=h_g-h_f 
Q_dot=m_dot*h_fg 

"Wrong Solutions:" 

W1_Q=m_dot*h_f "Using hf" 

W2_Q=m_dot*h_g "Using hg" 

W3_Q=h_fg "not using mass flow rate" 

W4_Q= m_d ot* ( h_f + h_g ) "Adding hf and hg" 


10-100 Heat transfer coefficients for a vapor condensing on a surface can be increased by promoting 
condensation with a surface treatment. 

(a) film condensation (b) dropwise condensation (c) rolling action (d) none of them 
Answer (b) dropwise condensation 


10-101 At a distance x down a vertical, isothermal flat plate on which a saturated vapor is condensing in a 
continuous film, the thickness of the liquid condensate layer is 3. The heat transfer coefficient at this 
location on the plate is given by 

(a) kf / 8 (b) Shj (c) Sh fg (d) 5h„ (e) none of them 

Answer (a) / 5 
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10-102 When a saturated vapor condenses on a vertical, isothermal flat plate in a continuous film, the rate 
of heat transfer is proportional to 

(a) (T s -r sat ) 1/4 (b) (T s -r sat ) 1/2 (c) (T s -r sat ) 3/4 (d) c r s -r sat ) (e) (T s -r sat ) 2/3 


Answer (c) ( T s -r sat ) 3/4 


• • 2 * •••• 
10-103 Saturated water vapor is condensing on a 0.5 m vertical flat plate in a continuous film with an 

average heat transfer coefficient of 7 kW/m 2 K. The temperature of the water is 80°C (h fg = 2309 kJ/kg) 

and the temperature of the plate is 60°C. The rate at which condensate is being formed is 

(a) 0.03 kg/s (b) 0.07 kg/s (c) 0.15 kg/s (d) 0.24 kg/s (e) 0.28 kg/s 


Answer (a) 0.03 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


hfg=2309 [kJ/kg] 
dT=20 [C] 

A=0.5 [m A 2] 
h=7 [kJ/m A 2-K-s] 
mdot=h*A*dT/hfg 


10-104 An air conditioner condenser in an automobile consists of 2 m of tubular heat exchange area 
whose surface temperature is 30°C. Saturated refrigerant 134a vapor at 50°C ( hf g =152 kJ/kg) condenses 
on these tubes. What heat transfer coefficient must exist between the tube surface and condensing vapor to 
produce 1.5 kg/min of condensate? 

(a) 95 W/m 2 -K (b) 640 W/m 2 -K (c) 727 W/m 2 -K (d) 799 W/m 2 -K (e) 960 W/m 2 -K 


Answer (a) 95 W/m 2 -K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

hfg=1 52000 [J/kg] 
dT=20 [C] 

A=2 [m A 2] 
mdot=(1 .5/60) [kg/s] 

Q=mdot*hfg 

Q=h*A*dT 
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while increasing the heat flux to avoid 
boiling. 

(c) film to nucleate 

Answer (d) nucleate to film 


10-105 When boiling a saturated liquid, one must be careful 
“burnout.” Burnout occurs when the boiling transitions from 

(a) convection to nucleate (b) convection to film 

(d) nucleate to film (e) none of them 


10-106 Steam condenses at 50°C on a 0.8-m-high and 2.4-m-wide vertical plate that is maintained at 30°C. 
The condensation heat transfer coefficient is 

(a) 3975 W/m 2 -°C (b) 5150 W/m 2 -°C (c) 8060 W/m 2 -°C (d) 1 1,300 W/m 2 -°C 

(e) 14,810 W/m 2 -°C 

(For water, use pi = 992.1 kg/m 3 , ///= 0.653xl0' 3 kg/m-s, k/= 0.631 W/m-°C, c p /= 4179 J/kg-°C, hf g @ Ts at = 
2383 kJ/kg) 


Answer (b) 5150 W/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_sat=50 [C] 

T_s=30 [C] 

L=0.8 [m] 
w=2.4 [m] 


h_fg=2383E3 [J/kg] "at 50 C from Table A-9” 

"The properties of water at (50+30)/2=40 C are (Table A-9)" 

rho 1=992.1 [kg/m A 3] 

muJ=0.653E-3 [kg/m-s] 
nuJ=mu_l/rhoJ 

c p 1=41 79 [J/kg-C] 

k_l=0.631 [W/m-C] 
g=9.81 [m/s A 2] 

h_fg_star=h_fg+0.68*c_p_l*(T_sat-T_s) 

Re=(4.81+(3.70*L*kJ*(T_sat-T_s))/(muJ*h_fg_star)*(g/nuJ A 2) A (1/3)) A 0.820 
"Re is between 30 and 1800, and therefore there is wavy laminar flow" 
h=(Re*k_l)/(1 .08*Re A 1 ,22-5.2)*(g/nu_l A 2) A (1/3) 
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10-107 Steam condenses at 50°C on the outer surface of a horizontal tube with an outer diameter of 6 cm. 
The outer surface of the tube is maintained at 30°C. The condensation heat transfer coefficient is 

(a) 5493 W/m 2 -°C (b) 5921 W/m 2 -°C (c) 6796 W/m 2 -°C (d) 7040 W/m 2 -°C (e) 7350 W/m 2 -°C 

(For water, use pi = 992.1 kg/m 3 , pi = 0.653xl0' 3 kg/m-s, k t = 0.631 W/m-°C, c p i = 4179 J/kg-°C, hf g@TsaJ = 
2383 kJ/kg) 


Answer (c) 6796 W/m 2 *°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_sat=50 [C] 

T_s=30 [C] 

D=0.06 [m] 

h_fg=2383E3 [J/kg] "at 50 C from Table A-9” 
rho_v=0.0831 [kg/m A 3] 

"The properties of water at (50+30)/2=40 C are (Table A-9)" 

rho 1=992.1 [kg/m A 3] 

mu_l=0.653E-3 [kg/m-s] 

c p 1=41 79 [J/kg-C] 

k_l=0.631 [W/m-C] 
g=9.81 [m/s A 2] 

h_fg_star=h_fg+0.68*c_p_l*(T_sat-T_s) 

h=0.729*((g*rho_l*(rho_l-rho_v)*h_fg_star*kJ A 3)/(rnuJ*(T_sat-T_s)*D)) A 0.25 
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10-108 Steam condenses at 50°C on a tube bank consisting of 20 tubes arranged in a rectangular array of 4 
tubes high and 5 tubes wide. Each tube has a diameter of 6 cm and a length of 3 m and the outer surfaces of 
the tubes are maintained at 30°C. The rate of condensation of steam is 

(a) 0.054 kg/s (b) 0.076 kg/s (c) 0.1 15 kg/s (d) 0.284 kg/s (e) 0.446 kg/s 

(For water, use pi = 992.1 kg/m 3 , p t = 0.653xl0' 3 kg/m-s, k t = 0.631 W/m-°C, c pi = 4179 J/kg-°C, h jg @ Tsa , = 
2383 kJ/kg) 


Answer (e) 0.446 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_sat=50 [C] 

T_s=30 [C] 

D=0.06 [m] 

L=3 [m] 

N=4 

N_total=5*N 

h_fg=2383E3 [J/kg] "at 50 C from Table A-9” 
rho_v=0.0831 [kg/m A 3] "at 50 C from Table A-9" 

"The properties of water at (50+30)/2=40 C are (Table A-9)" 

rho 1=992.1 [kg/m A 3] 

mu_l=0.653E-3 [kg/m-s] 

c p 1=41 79 [J/kg-C] 

k_l=0.631 [W/m-C] 
g=9.81 [m/s A 2] 

h_fg_star=h_fg+0.68*c_p_l*(T_sat-T_s) 

h_1 tube=0.729*((g*rho_l*(rho_l-rho_v)*h_fg_star*kJ A 3)/(rnuJ*(T_sat-T_s)*D*N)) A 0.25 

h_Ntubes=1/N A 0.25*h_1tube 

A_s=N_total*pi*D*L 

Q_dot=h_Ntubes*A_s*(T_sat-T_s) 

m_dot_cond=Q_dot/h_fg_star 


10-109 ... 10-116 Design and Essay Problems 
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Chapter 11 

HEAT EXCHANGERS 


11-1 


Types of Heat Exchangers 

11-1C Heat exchangers are classified according to the flow type as parallel flow, counter flow, and cross- 
flow arrangement. In parallel flow, both the hot and cold fluids enter the heat exchanger at the same end 
and move in the same direction. In counter-flow, the hot and cold fluids enter the heat exchanger at 
opposite ends and flow in opposite direction. In cross-flow, the hot and cold fluid streams move 
perpendicular to each other. 


11-2C In terms of construction type, heat exchangers are classified as compact, shell and tube and 
regenerative heat exchangers. Compact heat exchangers are specifically designed to obtain large heat 
transfer surface areas per unit volume. The large surface area in compact heat exchangers is obtained by 
attaching closely spaced thin plate or corrugated fins to the walls separating the two fluids. Shell and tube 
heat exchangers contain a large number of tubes packed in a shell with their axes parallel to that of the 
shell. Regenerative heat exchangers involve the alternate passage of the hot and cold fluid streams through 
the same flow area. In compact heat exchangers, the two fluids usually move perpendicular to each other. 


11-3C A heat exchanger is classified as being compact if P > 700 m / nr or (200 ft / ft) where p is the ratio 
of the heat transfer surface area to its volume which is called the area density. The area density for double- 
pipe heat exchanger can not be in the order of 700. Therefore, it can not be classified as a compact heat 
exchanger. 


11-4C In counter- flow heat exchangers, the hot and the cold fluids move parallel to each other but both 
enter the heat exchanger at opposite ends and flow in opposite direction. In cross-flow heat exchangers, the 
two fluids usually move perpendicular to each other. The cross-flow is said to be unmixed when the plate 
fins force the fluid to flow through a particular interfin spacing and prevent it from moving in the 
transverse direction. When the fluid is free to move in the transverse direction, the cross-flow is said to be 
mixed. 


11-5C In the shell and tube exchangers, baffles are commonly placed in the shell to force the shell side 
fluid to flow across the shell to enhance heat transfer and to maintain uniform spacing between the tubes. 
Baffles disrupt the flow of fluid, and an increased pumping power will be needed to maintain flow. On the 
other hand, baffles eliminate dead spots and increase heat transfer rate. 


11-6C Using six-tube passes in a shell and tube heat exchanger increases the heat transfer surface area, and 
the rate of heat transfer increases. But it also increases the manufacturing costs. 


11-7C Using so many tubes increases the heat transfer surface area which in turn increases the rate of heat 
transfer. 
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11-8C Regenerative heat exchanger involves the alternate passage of the hot and cold fluid streams through 
the same flow area. The static type regenerative heat exchanger is basically a porous mass which has a 
large heat storage capacity, such as a ceramic wire mash. Hot and cold fluids flow through this porous 
mass alternately. Heat is transferred from the hot fluid to the matrix of the regenerator during the flow of 
the hot fluid and from the matrix to the cold fluid. Thus the matrix serves as a temporary heat storage 
medium. The dynamic type regenerator involves a rotating drum and continuous flow of the hot and cold 
fluid through different portions of the drum so that any portion of the drum passes periodically through the 
hot stream, storing heat and then through the cold stream, rejecting this stored heat. Again the drum serves 
as the medium to transport the heat from the hot to the cold fluid stream. 

The Overall Heat Transfer Coefficient 

11-9C Heat is first transferred from the hot fluid to the wall by convection, through the wall by conduction 
and from the wall to the cold fluid again by convection. 


11-10C When the wall thickness of the tube is small and the thermal conductivity of the tube material is 
high, which is usually the case, the thermal resistance of the tube is negligible. 


11-11C The heat transfer surface areas are A, = nD x L and A () = 7tD 2 L . When the thickness of inner tube 
is small, it is reasonable to assume A t = A 0 = A s . 

11-12C No, it is not reasonable to say h t « h Q ~ h 


11-13C When the wall thickness of the tube is small and the thermal conductivity of the tube material is 
high, the thermal resistance of the tube is negligible and the inner and the outer surfaces of the tube are 

almost identical ( A i = A a = A s ). Then the overall heat transfer coefficient of a heat exchanger can be 
determined to from U = (l//ij + l/h o y^ 

11-14C None. 


11-15C When one of the convection coefficients is much smaller than the other h { « h G , and 
Aj « A 0 « A s . Then we have ( l/h i » 1 !h 0 ) and thus U t = U 0 - U = h t . 


11-16C The most common type of fouling is the precipitation of solid deposits in a fluid on the heat 
transfer surfaces. Another form of fouling is corrosion and other chemical fouling. Heat exchangers may 
also be fouled by the growth of algae in warm fluids. This type of fouling is called the biological fouling. 
Fouling represents additional resistance to heat transfer and causes the rate of heat transfer in a heat 
exchanger to decrease, and the pressure drop to increase. 


11-17C The effect of fouling on a heat transfer is represented by a fouling factor Rf. Its effect on the heat 
transfer coefficient is accounted for by introducing a thermal resistance Rf/A s . The fouling increases with 
increasing temperature and decreasing velocity. 
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11-3 


11-18 The heat transfer coefficients and the fouling factors on tube and shell side of a heat exchanger are 
given. The thermal resistance and the overall heat transfer coefficients based on the inner and outer areas 
are to be determined. 

Assumptions 1 The heat transfer coefficients and the fouling factors are constant and uniform. 

Analysis ( a ) The total thermal resistance of the heat exchanger per unit length is 
R 1 f ^ + ln (DJDQ + Rfi L ^ 1 

Mi A- 27diL K h o A o 

R _ 1 | (0.0005 m 2 .°C/W) 

(700 W/m 2 .°C)[;r(0.012 m)(l m)] [*(0.012 m)(l m)] 

ln(l .6 / 1 .2) (0.0002 m 2 .°C/W) 

+ 2^(380 W/m.°C)(l m) + [^(0.016 m)(l m)] 

1 

+ o 

(700 W/m“.°C)[*(0.016 m)(l m)] 

= 0.0837°C/W 

( b ) The overall heat transfer coefficient based on the inner and the 
outer surface areas of the tube per length are 

*=^-=^-=^ 
t/A U i A i U 0 A 0 

U , = — = = 317 W/m 2 .°C 

RAj (0.0837 °C/W)[^(0.012m)(lm)] 

U„ = — = = 238 W/m 2 .°C 

RA a (0.0837 °C/W)[^(0.016 m)(l m)] 
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11-19 EES Prob. 1 1-18 is reconsidered. The effects of pipe conductivity and heat transfer coefficients on 
the thermal resistance of the heat exchanger are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
k=380 [W/m-C] 

D i=0.01 2 [m] 

D_o=0.01 6 [m] 

D_2=0.03 [m] 

h i=700 [W/m A 2-C] 

h_o=1400 [W/m A 2-C] 

R_f_i=0.0005 [m A 2-C/W] 

R_f_o=0.0002 [m A 2-C/W] 

"ANALYSIS" 

R=1/(h_i*A_i)+R_f_i/A_i+ln(D_o/D_i)/(2*pi*k*L)+R_f_o/A_o+1/(h_o*A_o) 
L=1 [m] "a unit length of the heat exchanger is considered" 

A_i=pi*D_i*L 

A_o=pi*D_o*L 


k [W/m- 
C] 

R [C/W] 

10 

0.07392 

30.53 

0.07085 

51.05 

0.07024 

71.58 

0.06999 

92.11 

0.06984 

112.6 

0.06975 

133.2 

0.06969 

153.7 

0.06964 

174.2 

0.06961 

194.7 

0.06958 

215.3 

0.06956 

235.8 

0.06954 

256.3 

0.06952 

276.8 

0.06951 

297.4 

0.0695 

317.9 

0.06949 

338.4 

0.06948 

358.9 

0.06947 

379.5 

0.06947 

400 

0.06946 
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hj [W/m 2 - 
C] 

R [C/W] 

500 

0.08462 

550 

0.0798 

600 

0.07578 

650 

0.07238 

700 

0.06947 

750 

0.06694 

800 

0.06473 

850 

0.06278 

900 

0.06105 

950 

0.05949 

1000 

0.0581 

1050 

0.05684 

1100 

0.05569 

1150 

0.05464 

1200 

0.05368 

1250 

0.05279 

1300 

0.05198 

1350 

0.05122 

1400 

0.05052 

1450 

0.04987 

1500 

0.04926 



h. [W/m 2 -C] 


h 0 [W/m 2 - 
C] 

R [C/W] 

1000 

0.07515 

1050 

0.0742 

1100 

0.07334 

1150 

0.07256 

1200 

0.07183 

1250 

0.07117 

1300 

0.07056 

1350 

0.06999 

1400 

0.06947 

1450 

0.06898 

1500 

0.06852 

1550 

0.06809 

1600 

0.06769 

1650 

0.06731 

1700 

0.06696 

1750 

0.06662 

1800 

0.06631 

1850 

0.06601 

1900 

0.06573 

1950 

0.06546 

2000 

0.0652 
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11-20 A water stream is heated by a jacketted-agitated vessel, fitted with a turbine agitator. The mass 
flow rate of water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The properties of water at 54°C are (Table A-9) 

k = 0.648 W/m.°C 

p = 985.8 kg/m 3 

p = 0.513xl0‘ 3 kg/m-s 
Pr = 3.31 


The specific heat of water at the average temperature of (10+54)/2=32°C is 4178 J/kg.°C (Table A-9) 
Analysis We first determine the heat transfer coefficient on the inner wall of the vessel 


Rc nDgP _ (60/60 s-'XOlm) 2 (985.8 kg/m 3 ) g6g 
M 0.513xlCT 3 kg/m-s 

Nu = 0.76Re 2/3 Pr 1/3 = 0.76(76,865) 2/3 (3.31) 1/3 =2048 

h = — Nu = 0,648 W/m '° C (2048) = 2211 W/m 2 .°C 
1 D, 0.6 m 

The heat transfer coefficient on the outer side is determined as follows 
h a =13,100(T - T w ) “°' 25 = 1 3.1 00(1 00 - T w ) ^°' 25 



h 0 (T g -TJ = hj(T w - 54) 

1 3,1 00(1 00 - ) -°- 25 (1 00 - r M , ) = 22 1 l(T w - 54) 

1 3,1 00(1 00 -r,,) 0 75 = 2211 (T w -54) 

-> T w = 89.2°C 


h„ =13,1 00(1 00- rj- 0 - 25 = 13,100(100-89.2) ^ a25 =7226W/m 2 -C 

Neglecting the wall resistance and the thickness of the wall, the overall heat transfer coefficient can be 
written as 


U = 


1 1 


-l 


1 


v h J 


h. 


1 




-l 


2211 7226 


= 1694 W/m 2 -C 


From an energy balance 

[mc(T out - T in )] watcr = UAAT 
m w (4178)(54 - 10) = (1694)(/r x 0.6 x 0.6)(100 - 54) 
m w =0.479 kg/s = 1725 kg/h 
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11-21 Water flows through the tubes in a boiler. The overall heat transfer coefficient of this boiler based on 
the inner surface area is to be determined. 

Assumptions 1 Water flow is fully developed. 2 Properties of the water are constant. 

Properties The properties of water at 1 10°C are (Table A-9) 


v = /u/p = 0.268x10 6 m 2 /s 
k =0.682 W/m 2 .K 
Pr = 1.58 

Analysis The Reynolds number is 

^avg D h (3.5 m/s)(0.01 m) 


Re = 


v 0.268 xlO -6 m 2 / s 


= 130,600 


which is greater than 10,000. Therefore, the flow is turbulent. 
Assuming fully developed flow, 


Nu = 


hD, 


0.8 t^.0.4 


0.8 


,0.4 


= 0.023 Re Pr = 0.023(130, 600) uo (1.58) u " 



and 


h = — Nu = Q ' 682 - W/m - ° C (342) = 23,324 W/m 2 .°C 


D 


h 


0.01m 


The total resistance of this heat exchanger is then determined from 


R ~ R total ~ R i + R wall + R o ~ 


1 


1 In (D a /D i ) 1 

+ — + 


hiAi 


2 7ikL 


K A o 

ln(l .4/1) 


(23,324 W/m 2 .°C)[^(0.01 m)(5 m)] [2 tt( 14.2 W/m.°C)(5 m)] 


1 


and 


(8400 W/m 2 .°C)[^(0.014 m)(5 m)] 
= 0.00157°C/W 

1 


R = 


1 


U i A i 


->U ; = 


1 


RA: (0.00157°CAV)[^(0.01 m)(5 m)] 


= 4055 W/m 2 .°C 
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11-22 Water is flowing through the tubes in a boiler. The overall heat transfer coefficient of this boiler 
based on the inner surface area is to be determined. 

Assumptions 1 Water flow is fully developed. 2 Properties of water are constant. 3 The heat transfer 
coefficient and the fouling factor are constant and uniform. 

Properties The properties of water at 1 10°C are (Table A-9) 


v = pip = 0.268x10 6 m 2 /s 
k = 0.682 W/m 2 .K 
Pr = 1.58 

Analysis The Reynolds number is 

(3.5 m/s)(0.01 m) 


Re = 


V D, 

r a vg n 


V 


0.268 xlO -6 m 2 /s 


= 130,600 


which is greater than 10,000. Therefore, the flow is 
turbulent. Assuming fully developed flow, 

hD 



Nu = 


— = 0.023 Re 0 ' 8 Pr 04 = 0.023(130,600) a8 (1.58)°- 4 =342 


and 


h = — Nu = Q - 682 _ W/m - _ ° C ( 342 ) = 23,324 W/m 2 .°C 


D 


h 


0.01m 


9 

The thermal resistance of heat exchanger with a fouling factor of R f t = 0.0005 m .°C/W is determined 
from 

R 1 | R fJ | \n(D a ID,) | 1 

hA A 27diL h o A o 

„ 1 0.0005 m 2 .°C/W 

R = + 

(23,324 W/m 2 .°C)[^(0.01 m)(5 m)] [^(0.01 m)(5 m)] 

ln(1.4/l) 1 

2^(14.2 W/m.°C)(5 m) (8400 W/m 2 .°C)[^(0.014 m)(5 m)] 

= 0. 00475 °C/W 

Then, 

R = — >U: = — = = 1340 W/m 2 .°C 

UiAt RA t (0.00475 °C/W)[^- (0.01 m)(5 m)] 
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11-23 EES Prob. 11-21 is reconsidered. The overall heat transfer coefficient based on the inner surface as a 
function of fouling factor is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_w=1 1 0 [C] 

Vel=3.5 [m/s] 

L=5 [m] 

k_pipe=14.2 [W/m-C] 

D i=0.01 0 [m] 

D_o=0.014 [m] 
h_o=8400 [W/m A 2-C] 

R_f_i=0.0005 [m A 2-C/W] 

"PROPERTIES" 

k=conductivity(Water, T=T_w, P=300) 

Pr=Prandtl(Water, T=T_w, P=300) 
rho=density(Water, T=T_w, P=300) 
mu=viscosity(Water, T=T_w, P=300) 
nu=mu/rho 

"ANALYSIS" 

Re=(Vel*D_i)/nu "Re is calculated to be greater than 1 0,000. Therefore, the flow is 
turbulent." 

Nusselt=0.023*Re A 0.8*Pr A 0.4 

h_i=k/DJ*Nusselt 

A_i=pi*D_i*L 

A_o=pi*D_o*L 

R = 1 /( h_i * A_i ) + R_f_i/A_i + 1 n ( D_o/D_i )/(2 * p i * k_p i pe * L) + 1 /( h_o* A_o) 

U_i=1/(R*AJ) 


Rrj [m 2 - 
C/W] 

Ui [W/m 2 - 
C] 

0.0001 

2883 

0.00015 

2520 

0.0002 

2238 

0.00025 

2013 

0.0003 

1829 

0.00035 

1675 

0.0004 

1546 

0.00045 

1435 

0.0005 

1339 

0.00055 

1255 

0.0006 

1181 

0.00065 

1115 

0.0007 

1056 

0.00075 

1003 

0.0008 

955.2 



R fi [m 2 -C/W] 

Tj' 
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11-24 Refrigerant- 134a is cooled by water in a double-pipe heat exchanger. The overall heat transfer 
coefficient is to be determined. 

Assumptions 1 The thermal resistance of the inner tube is negligible since the tube material is highly 
conductive and its thickness is negligible. 2 Both the water and refrigerant- 134a flow are fully developed. 3 
Properties of the water and refrigerant- 1 34a are constant. 

Properties The properties of water at 20°C are (Table A-9) Cold water 

p = 998 kg/m 3 

v = pip = 1.004xl0 -6 m 2 /s 
k = 0.598 W/m.°C 
Pr = 7.01 

Analysis The hydraulic diameter for annular space is 
D h = D a -D i = 0.025 - 0.01 - 0.015 m 
The average velocity of water in the tube and the Reynolds number are 
m m 0.3 kg/s 



Hot R-134a 


V = 

aV§ PA ( 


P 


f j 2 ^ 

D 0 2 ~Dr 

K 


r 


= 0.729 m/s 


(998 kg/m 3 ) 


n 


(0.025 m) 2 -(0.01m) 


Rc V ^ D i’ (0-729 m/s)(0.015m) 1Q g9Q 


V 


1.004xl0~ 6 m 2 /s 


which is greater than 4000. Therefore flow is turbulent. Assuming fully developed flow, 
hD 


Nu = 


h = 0.023 Re 0 ' 8 Pr 04 = 0.023(1 0,890) 08 (7.01) 04 =85.0 


and 


h,= — Nu = °' 598W/m ° C (85.0) = 3390 W/m 2 .»C 


D 


h 


0.015 m 


Then the overall heat transfer coefficient becomes 

u= 1 1 


1 1 


1 


2020 W/m.C 


h t h a 5000 W/m 2 .°C 3390W/m 2 .°C 
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Cold water 


11-25 Refrigerant- 1 34a is cooled by water in a double-pipe heat exchanger. The overall heat transfer 
coefficient is to be determined. 

Assumptions 1 The thermal resistance of the inner tube is negligible since the tube material is highly 
conductive and its thickness is negligible. 2 Both the water and refrigerant- 134a flows are fully developed. 
3 Properties of the water and refrigerant- 134a are constant. 4 The limestone layer can be treated as a plain 
layer since its thickness is very small relative to its diameter. 

Properties The properties of water at 20°C are (Table A-9) 
p = 998 kg/m 3 

v = pip = 1.004 xlO -6 m 2 /s 
k = 0.598 W/m.°C 
Pr = 7.01 

Analysis The hydraulic diameter for annular space is 
D h = D 0 - Dj = 0.025 - 0.01 = 0.015 m 
The average velocity of water in the tube and the Reynolds number are 
m m 0.3 kg/ s 



Hot R-134a 
Limestone 


V = 

y avg 


pA c 


P 


/ 9 o \ 

Do -or 

K 


= 0.729 m/s 


(998 kg/m 3 ) 


K 


(0.025 m) 2 - (0.01m) 


Rc V avg D /> (0.729 m/s)(0.015m) 1Qg9Q 
v 1.004xl0~ 6 m 2 /s 

which is greater than 10,000. Therefore flow is turbulent. Assuming fully developed flow, 
hD 


Nu = 


h = 0.023 Re 08 Pr 04 = 0.023(1 0.890) 08 (7.01) 04 =85.0 


and 


k 0.598 W/m.°C 7 

= Nu = (85.0) = 3390 W/m 2 .°C 


D 


It 


0.015 m 


Disregarding the curvature effects, the overall heat transfer coefficient is determined to be 


U = 


1 


1 


k: 


+ 




+ 


1 


1 


- + - 


0.002 m 


f- 


1 


= 493 W/m 2 .°C 


i y 


limeston 


h„ 5000 W/m 2 .°C 1.3W/m.°C 3390W/m 2 .°C 
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11-26 EES Prob. 11-25 is reconsidered. The overall heat transfer coefficient as a function of the limestone 
thickness is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

D_i=0.01 0 [m] 

D_o=0.025 [m] 

T_w=20 [C] 
h_i=5000 [W/m A 2-C] 
m_dot=0.3 [kg/s] 

L_limestone=2 [mm] 
k_limestone=1 .3 [W/m-C] 

"PROPERTIES" 

k=conductivity(Water, T=T_w, P=100) 

Pr=Prandtl(Water, T=T_w, P=100) 
rho=density(Water, T=T_w, P=100) 
mu=viscosity(Water, T=T_w, P=100) 
nu=mu/rho 

"ANALYSIS” 

D_h=D_o-D_i 

Vel=m_dot/(rho*A_c) 

A_c=pi*(D_o A 2-D_i A 2)/4 

Re=(Vel*D_h)/nu 

"Re is calculated to be greater than 1 0,000. Therefore, the flow is turbulent." 

Nusselt=0.023*Re A 0.8*Pr A 0.4 

h_o=k/D_h*Nusselt 

U=1/(1/h_i+(L_limestone*Convert(mm, m))/k_limestone+1/h_o) 


L limestone 

[mm] 

U [W/m 2 - 
C] 

1 

791.4 

1.1 

746 

1.2 

705.5 

1.3 

669.2 

1.4 

636.4 

1.5 

606.7 

1.6 

579.7 

1.7 

554.9 

1.8 

532.2 

1.9 

511.3 

2 

491.9 

2.1 

474 

2.2 

457.3 

2.3 

441.8 

2.4 

427.3 

2.5 

413.7 

2.6 

400.9 

2.7 

388.9 

2.8 

377.6 

2.9 

367 

3 

356.9 
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11-27E Water is cooled by air in a cross-flow heat exchanger. The overall heat transfer coefficient is to be 
determined. 

Assumptions 1 The thermal resistance of the inner tube is negligible since the tube material is highly 
conductive and its thickness is negligible. 2 Both the water and air flow are fully developed. 3 Properties of 
the water and air are constant. 

Properties The properties of water at 180°F are (Table A-9E) 
k= 0.388 Btu/h.ft.°F 


v = 3.825 xl(T 6 ft 2 /s 
Pr = 2.15 

The properties of air at 80°F are (Table A-15E) 
k = 0.01481 Btu/h.ft.°F 

v = 1.697 xlO -4 ft 2 /s 
Pr = 0.7290 

Analysis The overall heat transfer coefficient can be determined from 
! _ ! ! 



80°F 
12 ft/s 


U hi h a 
The Reynolds number of water is 

Vg ygDh _ (4ft/s)[0.75/12 ft] 
v 3.825x 10 -6 ft 2 / s 


Re = 


= 65,360 


which is greater than 10,000. Therefore the flow of water is turbulent. Assuming the flow to be fully 
developed, the Nusselt number is determined from 

Nu = hD - >L = 0.023 Re 0 ' 8 Pr 0 ' 4 = 0.023(65,360) 08 (2.15) 0 ' 4 = 222 


and 


h ; = 


D, 


Nu = 


0.388 Btu/h.ft.°F 
0.75 /12 ft 


(222) = 1378 Btu/h.ft 2 .°F 


The Reynolds number of air is 


Re= PD J12ft/s)[3/(4xl2)ft] =4420 


V 


1.697xl0~ 4 ft 2 / s 


The flow of air is across the cylinder. The proper relation for Nusselt number in this case is 

“1 4/5 


Nu = = 0.3 + t 


0.62 Re 0 ' 5 Pr 1/3 


1 + (0.4 / Pr) 


2/3 


1/4 


1 + 


Re 


\ 5/8 


282,000 


= 0.3 + 


0.62(4420) 05 (0.7290) 1/3 


1 + (0.4/ 0.7290) 


2/3 


1/4 


r 


1 + 


4420 
282,000 


\ 5/8 


n 4/5 


= 34.86 


and 


, k AT 0.01481 Btu/h.ft. °F . 2 

h = — Nu = (34.86) = 8.26 Btu/h.ft 2 .°F 

D 0.75 / 12 ft 


Then the overall heat transfer coefficient becomes 
17 = 1 1 


1 1 

h; h„ 


1 


8.21 Btu/h.ft .F 


1 378 Btu/h.ft 2 .°F 8.26 Btu/h.ft 2 .°F 
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Analysis of Heat Exchangers 

11-28C The heat exchangers usually operate for long periods of time with no change in their operating 
conditions, and then they can be modeled as steady-flow devices. As such , the mass flow rate of each fluid 
remains constant and the fluid properties such as temperature and velocity at any inlet and outlet remain 
constant. The kinetic and potential energy changes are negligible. The specific heat of a fluid can be treated 
as constant in a specified temperature range. Axial heat conduction along the tube is negligible. Finally, 
the outer surface of the heat exchanger is assumed to be perfectly insulated so that there is no heat loss to 
the surrounding medium and any heat transfer thus occurs is between the two fluids only. 


11-29C That relation is valid under steady operating conditions, constant specific heats, and negligible heat 
loss from the heat exchanger. 


11-30C The product of the mass flow rate and the specific heat of a fluid is called the heat capacity rate 
and is expressed as C = me p . When the heat capacity rates of the cold and hot fluids are equal, the 

temperature change is the same for the two fluids in a heat exchanger. That is, the temperature rise of the 
cold fluid is equal to the temperature drop of the hot fluid. A heat capacity of infinity for a fluid in a heat 
exchanger is experienced during a phase-change process in a condenser or boiler. 


11-31C The mass flow rate of the cooling water can be determined from Q = (mcpAT) cooling water . The rate 
of condensation of the steam is determined from Q = ( mh j g ) steam , and the total thermal resistance of the 
condenser is determined from R-Q! AT . 


11-32C When the heat capacity rates of the cold and hot fluids are identical, the temperature rise of the 
cold fluid will be equal to the temperature drop of the hot fluid. 

The Log Mean Temperature Difference Method 


11-33C ATi m is called the log mean temperature difference, and is expressed as 


A T lm = 


Ar,-A t 2 
ln(A7, / A T 2 ) 


where 


AT] 

AT 


— T -T 

± h,in 1 cjn 


— T -T 

J h,in ^c^out 


AT 2 - T h out 
AT 2 = T hout 


-T 


C,Ollt 


-T 

c,in 


for parallel-flow heat exchangers and 
for counter-flow heat exchangers 


11-34C The temperature difference between the two fluids decreases from A T x at the inlet to A T 2 at the 


outlet, and arithmetic mean temperature difference is defined as A T dm 


AT X + AT 2 
2 


. The logarithmic mean 


temperature difference ATi m is obtained by tracing the actual temperature profile of the fluids along the heat 
exchanger, and is an exact representation of the average temperature difference between the hot and cold 
fluids. It truly reflects the exponential decay of the local temperature difference. The logarithmic mean 
temperature difference is always less than the arithmetic mean temperature. 
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11-35C AT\ m cannot be greater than both A T\ and A T 2 because AT\ n is always less than or equal to A T m 
(arithmetic mean) which can not be greater than both A T\ and A T 2 . 


11-36C No, it cannot. When A T\ is less than A T 2 the ratio of them must be less than one and the natural 
logarithms of the numbers which are less than 1 are negative. But the numerator is also negative in this 
case. When A T\ is greater than A T 2 , we obtain positive numbers at the both numerator and denominator. 


11-37C In the parallel-flow heat exchangers the hot and cold fluids enter the heat exchanger at the same 
end, and the temperature of the hot fluid decreases and the temperature of the cold fluid increases along the 
heat exchanger. But the temperature of the cold fluid can never exceed that of the hot fluid. In case of the 
counter-flow heat exchangers the hot and cold fluids enter the heat exchanger from the opposite ends and 
the outlet temperature of the cold fluid may exceed the outlet temperature of the hot fluid. 


11-38C The Ar lm will be greatest for double-pipe counter-flow heat exchangers. 


11-39C The factor F is called as correction factor which depends on the geometry of the heat exchanger 
and the inlet and the outlet temperatures of the hot and cold fluid streams. It represents how closely a heat 
exchanger approximates a counter-flow heat exchanger in terms of its logarithmic mean temperature 
difference. F cannot be greater than unity. 


11-40C In this case it is not practical to use the LMTD method because it requires tedious iterations. 
Instead, the effectiveness-NTU method should be used. 


11-41C First heat transfer rate is determined from Q = me p [T in - T out ] , ATi n from A T lm = 


A T x - AT 2 
lnCATj I AT 2 ) ’ 


correction factor from the figures, and finally the surface area of the heat exchanger from 
Q = UAFDT lmCF 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



11-16 


11-42 Ethylene glycol is heated in a tube while steam condenses on the outside tube surface. The tube 
length is to be determined. 

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the tubes are smooth. 3 Heat transfer 
to the surroundings is negligible. 

Properties The properties of ethylene glycol are given to be p = 1109 kg/m , c p = 2428 J/kg-K, k = 0.253 
W/m-K, p = 0.01545 kg/m-s, Pr = 148.5. The thermal conductivity of copper is given to be 386 W/m-K. 
Analysis The rate of heat transfer is 

Q = mc p (T e - T. ) = (1 kg/s) (242 8 J/kg.°C)(40 - 20)°C = 48,560 W 

The fluid velocity is 

m 1 kg/s 


T g = 110°C 


V = 


pA c (1109kg/m 3 )[^(0.02m) 2 /4 


= 2.870 m/s 


The Reynolds number is 


Re = 


pVD (1109 kg/m 3 )(2.870 m/s)(0.02 m) 



ju 0.01545 kg/m-s 

which is greater than 2300 and smaller than 10,000. Therefore, we have transitional flow. We assume fully 
developed flow and evaluate the Nusselt number from turbulent flow relation: 

Nu = — = 0.023 Re 0 ' 8 Pr 0 ' 4 = 0.023(4121) 08 (148.5) 04 = 132.5 
k 

Heat transfer coefficient on the inner surface is 

, k 0.253 W/m.°C 2 

h: = — Nu = (132.5) = 1 677 W/m 2 .°C 

D 0.02 m 

Assuming a wall temperature of 100°C, the heat transfer coefficient on the outer surface is determined to 
be 

h 0 =9200 (T g -T w y 025 = 9200(1 10- 100) ^' 25 =5174W/m 2 .°C 
Let us check if the assumption for the wall temperature holds: 

K A- ( T w ~ T b, avg ) = K A o(T g - T w ) 
h j nD i L(J w -T h mg ) = h 0 nD 0 L(T g -T w ) 

1677 x 0.02(r M , - 30) = 5174 x 0.025(1 10 - T w ) > T w = 93.5°C 

Now we assume a wall temperature of 90°C: 

h G =9200 (T g - T w )~ 025 =9200(1 10- 90) “°- 25 = 4350W/m 2 .°C 

— >T, =91.1°C 


Again checking, 1677x0.02(7^ -30) = 4350x0.025(1 10- TJ- 

which is sufficiently close to the assumed value of 90°C. Now that both heat transfer coefficients are 
available, we use thermal resistance concept to find overall heat transfer coefficient based on the outer 
surface area as follows: 

1 1 




D a ln(D 2 /D 1 ) 1 


h,D, 2k coppel h a (1677X0.02) 
The rate of heat transfer can be expressed as 
Q = U 0 A 0 AT ln 

where the logarithmic mean temperature difference is 

(T g -T e )-(T g -T t ) (110 -40) -(110 -20) 


0.025 | (0.025)ln(2.5/2) | 


1 


= 1018 W/m • C 


2(386) 


4350 


A T lm = 


In 


f r ~n rp A 

1 8 e 

T -T 

V 1 8 J 


In 


110-40 

110-20 


= 79.58°C 


Substituting, the tube length is determined to be 

Q = U 0 A 0 AT ln > 48,560 = (1018)^(0.025)7(79.58) 


+ L = 7.63 m 
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11-43 Water is heated in a double-pipe, parallel-flow uninsulated heat exchanger by geothermal water. The 
rate of heat transfer to the cold water and the log mean temperature difference for this heat exchanger are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies of fluid 
streams are negligible. 4 There is no fouling. 5 Fluid properties are constant. 


Properties The specific heat of hot water is given to be 4.25 kJ/kg.°C. 
Analysis The rate of heat given up by the hot water is 


Qh = \mcAT in - T out )] 


out / J hot water 


Hot 

water 


- (1.4 kg/s)(4.25 kJ/kg.°C)(85°C - 50°C) = 208.3 kW 
The rate of heat picked up by the cold water is 

Q c =( 1 - 0.03 )Q h = (1 - 0.03)(208.3 kW) = 202.0 kW 
The log mean temperature difference is 


85^C L_ 


A Cold 
water 


Q = UAATj 





Q_ 

UA 


202.0 kW 

(1.15 kW/m 2 •°C)(4 m 2 ) 


43.9°C 


t 


2 ^ 

50°C 


11-44 A stream of hydrocarbon is cooled by water in a double-pipe counterflow heat exchanger. The 
overall heat transfer coefficient is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of hydrocarbon and water are given to be 2.2 and 4.18 kJ/kg.°C, respectively. 
Analysis The rate of heat transfer is 

Q = [me p (T out - T in )] HC = (720 / 3600 kg/s)(2.2 kJ/kg.°C)(150°C - 40°C) = 48.4 kW 


The outlet temperature of water is 

Q = [mc p (T out -r, v ,)] w 

48.4 kW = (540 / 3600 kg/s)(4. 18 kJ/kg.°C)(r wout -10°C) 
r w>out = 87.2 °C 


The logarithmic mean temperature difference is 

A7\ = T h m - T c out =150°C-87.2°C = 62.8°C 
A T 2 = T hout -T c in = 40°C-10°C = 30°C 


and 


AT /m = 


- A T 2 

ln(Arj ! AT 2 ) 


62.8-30 

ln(62.8/30) 


44.4°C 


The overall heat transfer coefficient is determined from 


Water 
10°C | 



i 


Q = UAAT lm 

48.4 kW = U(;rx 0.025 x 6.0)(44.4°C) 

U =2.31 kW/m 2 K 
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11-45 Oil is heated by water in a 1-shell pass and 6-tube passes heat exchanger. The rate of heat transfer 
and the heat transfer surface area are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heat of oil is given to be 2.0 kJ/kg.°C. 

Analysis The rate of heat transfer in this heat exchanger is 

Q = imc p (T out - T in )] oil = (10 kg/s)(2.0 kJ/kg.°C)(46°C - 25°C) = 420 kW 


The logarithmic mean temperature difference for counter-flow arrangement and the correction factor F are 


= T h m -T C(mt = 80°C - 46°C = 34°C 
A T 2 = T hout -T cJn = 60°C - 25 °C = 35°C 


AT 


ATj-A t 2 


34-35 


lm,CF 


lnCATj / A T 2 ) ln(34 / 35) 


- 34.5°C 


P = 


R = 


h h_ 

T\ -t x 

F ~Tn 


46-25 

80-25 

80-60 


= 0.38 
■ = 0.95 


t 2 t x 


F = 0.94 


46-25 

Then the heat transfer surface area on the tube side becomes 

Q 



Q ~ UA S FAT lm Cf 


420 kW 


60°C 


UFAT lmCF (1.0kW/m-. o C)(0.94)(34.5°C) 


1 shell pass 
6 tube passes 


13.0 m 
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11-46 Steam is condensed by cooling water in the condenser of a power plant. The mass flow rate of the 
cooling water and the rate of condensation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The heat of vaporization of water at 50°C is given to be /z fg = 2383 kJ/kg and specific heat of 
cold water at the average temperature of 22.5 °C is given to be c p = 4180 J/kg.°C. 

Analysis The temperature differences between the steam and the cooling water at the two ends of the 
condenser are 


= T Kin - T cout = 50°C - 27°C = 23°C 
A T 2 = T hjmt - T cM = 50°C - 1 8°C = 32°C 


and 


AT /m = 


AT\ - AT 2 


23-32 


= 27.3°C 


lnCATj I AT 2 ) ln(23/32) 

Then the heat transfer rate in the condenser becomes 

Q = UA s AT lm = (2400 W/m 2 .°C)(42 m 2 )(27.3°C) = 2752 kW 

The mass flow rate of the cooling water and the rate of 
condensation of steam are determined from 

Q ~ \- mc p (X out — ^ in )] cooling water 

Q 2752 kJ/s 


^cooling ,rp, T \ 

water C p\^out~^in) 

Q — (rhhfg ) s[eam ^ m s team 


\ 

n 

(5 


Steam 

50°C 


<£ 

<£ 


(c 


(£ 


(4.18kJ/kg.°C)(27°C-18°C) 
Q 2752 kJ/s 


= 73.1 kg/s 


h fg 2383 kJ/kg 


1.15 kg/s 


2 ) 


2 ) 


2) 

3) 


50°C 


u 

I 


27°C 


18°C 


Water 
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11-47 Water is heated in a double-pipe parallel-flow heat exchanger by geothermal water. The required 
length of tube is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of water and geothermal fluid are given to be 4.18 and 4.31 kJ/kg.°C, 
respectively. 

Analysis The rate of heat transfer in the heat exchanger is 

Q = [me p (T out - T in )] water = (0.2 kg/s)(4. 1 8 kJ/kg. °C) (60 °C - 25°C) = 29.26 kW 


Then the outlet temperature of the geothermal water is determined from 


Q = [me „ (T m -T mll )] 


p in M out / J geot. water 


->7 =T 

out in 


Q 


= 140°C 


29.26 kW 


me 


p 


The logarithmic mean temperature difference is 
A7\ = T hjn - T c . n = 140°C - 25 °C = 1 15°C 
AT i = Tk, out -T c ,ou< = 1 17.4°C -60°C = 57.4°C 


and 


A T lm = 


A T x - A T 2 


115-57.4 


= 82.9°C 


lnCATj / A T 2 ) ln(l 15/57.4) 

The surface area of the heat exchanger is determined from 

Q 29.26 kW 


(0.3 kg/s)(4.3 1 kJ/kg. °C) 


= 1 17.4°C 


Brine 


140°C r 


Li 

t 


Water 

25°C 


Q = UA s AT lm 


-> A, = 


UAT lm (0.55 kW/m 2 )(82.9°C) 


= 0.642 m 


60°C 

t 

A 


Then the length of the tube required becomes 


A s = tcDL 


>L = 


A 

nD 


0.642 m 2 
^■(0.008 m) 


= 25.5 m 
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11-48 EES Prob. 11-47 is reconsidered. The effects of temperature and mass flow rate of geothermal water 
on the length of the tube are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_w_in=25 [C] 

T_w_out=60 [C] 
m_dot_w=0.2 [kg/s] 

Cp_w=4.1 8 [kJ/kg-C] 

T_geojn=140 [C] 
m_dot_geo=0.3 [kg/s] 

C_p_geo=4.31 [kJ/kg-C] 

D=0.008 [m] 

U=0.55 [kW/m A 2-C] 

"ANALYSIS" 

Q_dot=m_dot_w*C_p_w*(T_w_out-T_w_in) 

Q_dot=m_dot_geo*C_p_geo*(T_geoJn-T_geo_out) 

DELTAT_1 =T_geo_in-T_w_in 
D E LT AT_2 =T_g eo_o ut-T_w_o ut 

DELTAT_lm=(DELTAT_1-DELTAT_2)/ln(DELTAT_1/DELTAT_2) 

Q_dot= U * A* D E LT AT J m 

A=pi*D*L 


T ge o,in [C] 

L [m] 

100 

53.73 

105 

46.81 

110 

41.62 

115 

37.56 

120 

34.27 

125 

31.54 

130 

29.24 

135 

27.26 

140 

25.54 

145 

24.04 

150 

22.7 

155 

21.51 

160 

20.45 

165 

19.48 

170 

18.61 

175 

17.81 

180 

17.08 

185 

16.4 

190 

15.78 

195 

15.21 

200 

14.67 



T geo,in ^ 
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m B eo [kg/s] 

L[m] 

0.1 

46.31 

0.125 

35.52 

0.15 

31.57 

0.175 

29.44 

0.2 

28.1 

0.225 

27.16 

0.25 

26.48 

0.275 

25.96 

0.3 

25.54 

0.325 

25.21 

0.35 

24.93 

0.375 

24.69 

0.4 

24.49 

0.425 

24.32 

0.45 

24.17 

0.475 

24.04 

0.5 

23.92 



"Vo [Kfl'sl 
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11-49E Glycerin is heated by hot water in a 1-shell pass and 8-tube passes heat exchanger. The rate of heat 
transfer for the cases of fouling and no fouling are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Heat transfer 
coefficients and fouling factors are constant and uniform. 5 The thermal resistance of the inner tube is 
negligible since the tube is thin-walled and highly conductive. 

Properties The specific heats of glycerin and water are given to be 0.60 and 1.0 Btu/lbm.°F, respectively. 

Analysis (a) The tubes are thin walled and thus we assume the inner surface area of the tube to be equal to 
the outer surface area. Then the heat transfer surface area of this heat exchanger becomes 

A s = nnDL = 8^(0.5 / 12 ft)(500 ft) = 523.6 ft 2 


The temperature differences at the two ends of the 
heat exchanger are 

A T x =T hin -T cout = 175°F-140°F = 35°F 
A T 2 =T Kout -T cin = 120°F - 65°F = 55°F 


and 


^ lm,CF 


- AT 2 

lnCATj / A T 2 ) 


35-55 
ln(35 / 55) 


44.25°F 


The correction factor is 


P = 
R = 


h h_ 

T\ ~t\ 
Tx~T 2 

t 2 ~t x 


120-175 

65-175 

65-140 

120-175 


= 0.5 
■ = 1.36 


>F = 0.70 


I 

n 


Glycerin 
65 °F 


(£ 

a 

(s 

(s 


2 ) 

2 ) 

2) 

2 ) 


120°F 


175°F 


140°F 


u 

t 


Hot 

Water 


In case of no fouling, the overall heat transfer coefficient is determined from 

U = 1 1 t = = 3.7 Btu/h.ft 2 ,°F 

h, + h a 50 Btu/h.ft 2 ,°F + 4 Btu/h.ft 2 ,°F 


Then the rate of heat transfer becomes 

Q = UA s FAT lmCP = (3.7 Btu/h.ft 2 .°F)(523.6 ft 2 )(0.70)(44.25°F) = 60,000 Btu/h 


(, b ) The thermal resistance of the heat exchanger with a fouling factor is 


Mi A i K A o 

1 0.002 h.ft 2 .°F/Btu 1 

(50 Btu/h.ft 2 . °F)(523.6 ft 2 ) 523.6ft 2 (4Btu/h.ft 2 .°F)(523.6ft 2 ) 

= 0.0005195 h.°F/Btu 

The overall heat transfer coefficient in this case is 


R = — >U = -F = — = 3.68 Btu/h.ft 2 .°F 

UA S RA S (0.0005 1 95 h. °F/Btu)(523 .6 ft 2 ) 

Then rate of heat transfer becomes 

Q = UA s FAT lm CF = (3.68 Btu/h.ft 2 .°F)(523.6 ft 2 )(0.70)(44.25°F) = 59,680 Btu/h 
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11-50 During an experiment, the inlet and exit temperatures of water and oil and the mass flow rate of 
water are measured. The overall heat transfer coefficient based on the inner surface area is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 


Properties The specific heats of water and oil are given to be 4180 and 2150 J/kg.°C, respectively. 
Analysis The rate of heat transfer from the oil to the water is 

Q = [mc p (T out - 7;.J] water = (3 kg/s)(4.18 kJ/kg.°C)(55°C - 20°C) = 438.9 kW 


The heat transfer area on the tube side is 

A,. = n/rD'L = 24^(0.012 m)(2m) = 1.8 m 2 

The logarithmic mean temperature difference for counter- 
flow arrangement and the correction factor F are 

AT, = T h m - T c out = 120°C - 55°C = 65°C 

A T 2 = T h out - T cjn = 45 °C - 20°C = 25°C 


AT lm,CF 


- A T 2 

lnCA^ / A T 2 ) 


65-25 
ln(65 / 25) 


41.9°C 


P = 
R = 


h. h_ 

T\ -t x 

Tx-Ti 

h ~h 


55-20 

120-20 

120-45 

55-20 


= 0.35 
= 2.14 


>F = 0.70 


Then the overall heat transfer coefficient becomes 


| Oil 
pj 120°C 

( s == 

Cc= 

rc= 

<^= 

c^= 


24 tubes 


2) 

2 ) 

2 ) 

2 ) 


145°C 


u 

* 


55°C 


20°C 

Water 
3 kg/s 


Q = U l A l FAT lmtCF 


= 


Q 


438.9 kW 


A FAT i m ,CF (1.8 m 2 )(0.70)(41 ,9°C) 


8.31 kW/m 2 .°C 
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11-51 Ethylene glycol is cooled by water in a double-pipe counter-flow heat exchanger. The rate of heat 
transfer, the mass flow rate of water, and the heat transfer surface area on the inner side of the tubes are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of water and ethylene glycol are given to be 4.18 and 2.56 kJ/kg.°C, 
respectively. 


Analysis (a) The rate of heat transfer is 
Q = [me p (T in -r o „,)] glycol 
= (3.5 kg/s)(2.56 kJ/kg.°C)(80°C - 40°C) 

= 358.4 kW 

(b) The rate of heat transfer from water must be 
equal to the rate of heat transfer to the glycol. Then, 


Cold 

Water 

20°C 


* 


Hot Glycol 

80°C 
3.5 kg/s 


40°C 


Q = [me p (T out - T m )] 


in ' J water 


■» m 


Q 


* 


55°C 


water 


cJT 


p v out 


-T ) 

x in ' 

358.4 kJ/s 


(4.18 kJ/kg.°C)(55°C - 20°C) 

(c) The temperature differences at the two ends of the heat exchanger are 


= 2.45 kg/s 


A?i = T h in - T c out = 80°C-55°C = 25°C 
A T 2 = T h out - T cjn = 40°C - 20°C = 20°C 


and 


A^ /m = 


AT x -AT 2 


25-20 


= 22.4°C 


ln(A7; / A T 2 ) ln(25 / 20) 

Then the heat transfer surface area becomes 

0 


Q = U I A I AT, 


lm 


->A; = 


358.4 kW 


UiAT lm (0.25 kW/m 2 .°C)(22.4°C) 


64.0 m 
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11-52 Water is heated by steam in a double-pipe counter-flow heat exchanger. The required length of the 
tubes is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heat of water is given to be 4.18 kJ/kg.°C. The heat of condensation of steam at 
120°C is given to be 2203 kJ/kg. 

Analysis The rate of heat transfer is 


Q [me p (,T ou t T in )] water 
= (3 kg/s) (4. 1 8 kJ/kg.°C)(80°C - 17°C) 

= 790.02 kW 

The logarithmic mean temperature difference is 

^ = T hJn - T c out = 120°C-80°C = 40° C 
AT 2 =T hin -T cin = 120°C- 17°C = 103° C 


= 


AT, - AT 2 


40-103 


\n(AT, / AT 2 ) ln(40/ 103) 


= 66.6° C 


The heat transfer surface area is 


Water 


17°C 
3 kg/s 



Steam 

120°C 




3 


80°C 


* 


Q = UiAfATto > A' 


Q 790.02 kW 

UjAT lm ~ (15kW/m 2 .°C)(66.6°C) 


Then the length of tube required becomes 



nD i L 


A ; _ 7.9 m 2 

7iD t ~ ^-(0.025 m) 


100.6 m 
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11-53 Oil is cooled by water in a thin- walled double-pipe counter- flow heat exchanger. The overall heat 
transfer coefficient of the heat exchanger is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 6 The thermal resistance of the inner tube is negligible since the 
tube is thin-walled and highly conductive. 


Properties The specific heats of water and oil are given 
to be 4.18 and 2.20 kJ/kg.°C, respectively. 

Analysis The rate of heat transfer from the water 
to the oil is 

Q = [the p (T in -r oHf )] oil 
= (2 kg/s)(2.2 kJ/kg.°C)(150°C - 40°C) 

= 484 kW 

The outlet temperature of the water is determined from 


Cold water 

22°C 
1.5 kg/s 


Hot oil 
150°C 
2 kg/s 


I 

n 


40°C 


Q = [mcJT nut -T in )] 


p ^ out in water 


-»T =T 

out in 


Q 


me 


p 


= 22°C + 


484 kW 


(1.5 kg/s)(4.18 kJ/kg.°C) 


99.2°C 


The logarithmic mean temperature difference is 

=T hJn -T cmt = 150°C - 99.2°C = 50.8°C 
AT 2 =T lhOUt -T cM = 40°C - 22°C = 18°C 



AT x -AT 2 _ 50.8-18 
lnCA^ / A T 2 )~ ln(50.8/18) 


Then the overall heat transfer coefficient becomes 


U = 


Q 

A 5 AT /m 


484 kW 

^(0.025 m)(6 m)(31.6°C) 


= 32.5 kW/m 2 .°C 
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11-54 EES Prob. 11-53 is reconsidered. The effects of oil exit temperature and water inlet temperature on 
the overall heat transfer coefficient of the heat exchanger are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T oil in=1 50 [C] 

T_oil_out=40 [C] 
m_dot_oil=2 [kg/s] 

C p oil=2.20 [kJ/kg-C] 

T_w_in=22 [C] 
m_dot_w=1 .5 [kg/s] 

C_p_w=4.1 8 [kJ/kg-C] 

D=0.025 [m] 

L=6 [m] 

"ANALYSIS" 

Q_dot= m_do t_o i I * C_p_o i I * (T_o i l_i n -T_o i l_o u t) 

Q_dot= m_d ot_w*C_p_w* (T_w_o u t-T_w_i n ) 

DELTAT_1 =T_oil_in-T_w_out 
D E LT AT_2 =T_o i l_o ut-T_w_i n 

DELTAT_lm=(DELTAT_1-DELTAT_2)/ln(DELTAT_1/DELTAT_2) 

Q_dot= U * A* D E LT AT I m 

A=pi*D*L 


Toil, out [C] 

u 

[kW/m 2 - 

C] 

30 

53.22 

32.5 

45.94 

35 

40.43 

37.5 

36.07 

40 

32.49 

42.5 

29.48 

45 

26.9 

47.5 

24.67 

50 

22.7 

52.5 

20.96 

55 

19.4 

57.5 

18 

60 

16.73 

62.5 

15.57 

65 

14.51 

67.5 

13.53 

70 

12.63 



PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 

























11-30 


11-55 The inlet and outlet temperatures of the cold and hot fluids in a double-pipe heat exchanger are 
given. It is to be determined whether this is a parallel-flow or counter-flow heat exchanger. 

Analysis In parallel-flow heat exchangers, the temperature of the cold water can never exceed that of the 
hot fluid. In this case r co i dout = 50°C which is greater than r ho tout = 45°C. Therefore this must be a counter- 
flow heat exchanger. 


11-56 Cold water is heated by hot water in a double-pipe counter-flow heat exchanger. The rate of heat 
transfer and the heat transfer surface area of the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 6 The thermal resistance of the inner tube is negligible since the 
tube is thin-walled and highly conductive. 


Properties The specific heats of cold and hot water 
are given to be 4.18 and 4.19 kJ/kg.°C, respectively. 

Analysis The rate of heat transfer in this heat 
exchanger is 

Q = [me p (T out - 

" ^in ) ] cold water 

= (1 .25 kg/s) (4. 1 8 kJ/kg.°C)(45°C - 15°C) 

= 156.8 kW 

The outlet temperature of the hot water is determined from 


Cold Water 
15°C 
1.25 kg/s 


Hot water 

100°C 
3 kg/s 


i 


45 °C 


Q = [mc(T in -T out )\ 


out /Jhot water 


->7 =T 

out in 


Q 


= 100°C 


156.8 kW 


me 


p 


(3 kg/s)(4. 1 9 kJ/kg.°C) 


= 87.5°C 


The temperature differences at the two ends of the heat exchanger are 
= T h in - T c out = 100°C - 45 °C = 55°C 
A T 2 = T h out - T cjn = 87.5°C - 15°C = 72.5°C 


and 


A T [m = 


ATj -AT 2 


55-72.5 


= 63.3°C 


ln(A7\ / A T 2 ) ln(55/72.5) 

Then the surface area of this heat exchanger becomes 


Q = UA\T i 


lm 


-» A„ = 


Q 


156.8 kW 


UAT lm (0.880 kW/m 2 . 0 C)(63.3 0 C) 


2.81m 
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11-57 Engine oil is heated by condensing steam in a condenser. The rate of heat transfer and the length of 
the tube required are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 6 The thermal resistance of the inner tube is negligible since the 
tube is thin-walled and highly conductive. 

Properties The specific heat of engine oil is given to be 2.1 kJ/kg.°C. The heat of condensation of steam at 
130°C is given to be 2174 kJ/kg. 

Analysis The rate of heat transfer in this heat exchanger is 

Q = [mc p (T out - T m )] oil = (0.3 kg/s)(2. 1 kJ/kg.°C)(60°C - 20°C) = 25.2 kW 


The temperature differences at the two ends of the heat exchanger are 
A T x = T h m -T cout = 130°C-60°C = 70°C 
A T 2 = T h out - T cM = 130°C - 20°C = 1 10°C 

and Oil 


A T lm = 


A T x - A T 2 


70-110 


= 88.5°C 


ln(A7\ / A T 2 ) ln(70/110) 

The surface area is 

Q 25.2 kW 


20°C 
0.3 kg/s 


Z. 


Li 

* 


A. = 


UAT lm (0.65 kW/m 2 .°C)(88.5°C) 


= 0.44 m 


Steam 

130°C 


i 


60°C 


Then the length of the tube required becomes 


A s = nDL 




0.44 m 


kD ^-(0.02 m) 


7.0 m 
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11-58E Water is heated by geothermal water in a double-pipe counter- flow heat exchanger. The mass flow 
rate of each fluid and the total thermal resistance of the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 


Properties The specific heats of water and geothermal fluid are given to be 1.0 and 1.03 Btu/lbm.°F, 
respectively. 


Analysis The mass flow rate of each fluid is determined from 

Q — [me p (T ()LlJ — T jn )] water 

Q 40Btu/s 


m 


water 


c p (T out -T in ) (1.0 Btu/lbm.°F)(200°F - 1 40°F) 


= 0.667 Ibm/s 


m 


Q [me p (T out T in ) ] geo water 

0 


40 Btu/s 


geo. water 


c p (Tout - Tin ) (1-03 Btu/lbm.°F)(270°F-180°F) 


= 0.431 Ibm/s 


The temperature differences at the two ends of the heat exchanger are 


A7\ = T hin -T cout = 270°F - 200°F = 70°F 
A T 2 = T hout -T cin =180°F-140°F = 40°F 


and 


A T lm = 


A T x - A T 2 


70-40 


ln(A T x ! AT 2 ) ln(70/40) 


= 53.61°F 


Then 


Hot brine 


270°F 


Li 

* 


Cold Water 
140°F 


i 


180°F 


Q = UA s AT lm >UA S 


U = 


RA. 


*R = 


UA. 


Q _ 40 Btu/s 
A7^“53.61°F 
1 

0.7462 Btu/s. °F 


0.7462 Btu/s.°F 

1.34s °F/Btu 
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11-59 Glycerin is heated by ethylene glycol in a thin- walled double-pipe parallel-flow heat exchanger. The 
rate of heat transfer, the outlet temperature of the glycerin, and the mass flow rate of the ethylene glycol are 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 6 The thermal resistance of the inner tube is negligible since the 
tube is thin-walled and highly conductive. 

Properties The specific heats of glycerin and ethylene 
glycol are given to be 2.4 and 2.5 kJ/kg.°C, 


respectively. 

Analysis ( a ) The temperature differences at the 
two ends are 

A T x = T h in - 77 fVl = 60°C - 20°C = 40°C 


AT 2 - T h out 


c,in 


Hot ethylene 

60°C 
3 kg/s 


F 


t 

f] 


= t 


c,out 


and 


A T lm = 


at x -at 2 


h , out ~(T lhOUt - 1 5°C) = 15°C 
40-15 


= 25.5°C 


Glycerin 
20°C 
0.3 kg/s 


ln(A T x I AT 2 ) ln(40 / 15) 

Then the rate of heat transfer becomes 

Q = UA s AT lm = (240 W/m 2 .°C)(3.2 m 2 )(25.5°C) = 19,584 W = 19.58 kW 
( b ) The outlet temperature of the glycerin is determined from 

Q 19.584 kW 


Q [me p (T out T i n )] glycerin 


->7 =J 

out in 


= 20°C + 


me 


(0.3 kg/s)(2.4 kJ/kg.°C) 


47.2°C 


(c) Then the mass flow rate of ethylene glycol becomes 

Q = [mc p (T m - 

T out )] ethylene glycol 


m 


Q 


19.584 kJ/s 


ethylene glycol 


c p(Tin ~T' 


out 


) (2.5 kJ/kg.°C)[(47.2 + 15)°C - 60°C] 


= 3.56 kg/s 


11-60 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and 
the outlet temperature of the air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of air and combustion gases are 
given to be 1005 and 1100 J/kg.°C, respectively. 

Analysis The rate of heat transfer is 
Q = [mc p (T in - T out )] gas 

= (1.1 kg/s)( 1 . 1 kJ/kg. °C)( 1 80°C - 95°C) 

= 103 kW 

The mass flow rate of air is 



Pi/ 


m = 


(95 kPa)(0.8m7s) 


RT (0.287 kPa.nr /kg.K) x 293 K 
Then the outlet temperature of the air becomes 


= 0.904 kg/s 


Q = me p (T c out ~T c in ) 


±T. 


c,out 


= T 


Q 


c,in 


= 20°C + 


103xl0 J W 


me 


(0.904 kg/s)( 1005 J/kg.°C) 


Exhaust gases 
1.1 kg/s 
95 °C 

= 133°C 
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11-61 Water is heated by hot oil in a 2-shell passes and 12-tube passes heat exchanger. The heat transfer 
surface area on the tube side is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of water and oil are given to be 4.18 and 2.3 kJ/kg.°C, respectively. 

Analysis The rate of heat transfer in this heat exchanger is 

Q = [me p (T out - T in )] water = (4.5 kg/s)(4. 1 8 kJ/kg. °C) (70 °C - 20°C) = 940.5 kW 


The outlet temperature of the oil is determined from 


Q = [me p (T ln -T oul )\ oi 


out J oil 


-> T — T. 

' out in 


Q 


= 170°C 


940.5 kW 


me 


p 


The logarithmic mean temperature difference for counter- 
flow arrangement and the correction factor F are 

AT', = T hin -T cout = 170°C-70°C = 100°C 

A T 2 = T hout -T cin = 129°C - 20°C = 109°C 


AT 


AT X -AT 2 


100-109 


lm,CF 


lnCATj / A T 2 ) ln(100/109) 


= 104.4°C 


P = 


R = 


h h_ 

T x -t x 

7, -T, 


70-20 
170-20 
170-129 


= 0.33 
= 0.82 


F = 1.0 


t 2 -t x 70-20 
Then the heat transfer surface area on the tube side becomes 

0 


Q = UA s FAT lnhCf 


->A C = 


(10 kg/s)(2.3 kJ/kg. °C) 


= 129°C 


70°C 

Water 
20°C 
4.5 kg/s 


940.5 kW 


UFAT lmCf (0.350 kW/m 2 .°C)(1 .0)(104.4°C) 


Oil 
170°C 
10 kg/s 



(12 tube passes) 


25.7 m 
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11-62 Water is heated by hot oil in a 2-shell passes and 12-tube passes heat exchanger. The heat transfer 
surface area on the tube side is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of water and oil are given to be 4.18 and 2.3 kJ/kg.°C, respectively. 

Analysis The rate of heat transfer in this heat exchanger is 

Q = [me p (T out - T in )] water = (2 kg/s)(4. 18 kJ/kg.°C)(70°C - 20°C) = 41 8 kW 


The outlet temperature of the oil is determined from 


Q = [me p (T ln -T out )] oll 


-> T =T 

out in 


Q 


= 170°C 


418 kW 


me 


p 


The logarithmic mean temperature difference for counter- 
flow arrangement and the correction factor F are 

AT, = T hJn -T c)ml = 170°C-70°C = 100°C 

A T 2 = T hout -T cM = 151.8°C-20°C = 131.8°C 


AT 


AT i - A T 2 


100-131.8 


lm,CF 


lnCATj / A T 2 ) ln(100/ 131.8) 


= 1 15.2°C 


P = 


h h_ 

T { -t { 


70-20 

170-20 


= 0.33 


^ 7 ^= 170 - 151.8 


t 2 t j 


F = 1.0 


70-20 

Then the heat transfer surface area on the tube side becomes 

Q 


Q - U jAj FAT lm CF 


^ A: = 


(10 kg/s)(2.3 kJ/kg.°C) 


= 151. 8°C 


Oil 
170°C 
10 kg/s 



(12 tube passes) 


418 kW 


UiFAT lnuCF (0.350 kW/m 2 ,°C)( 1 ,0)(1 15.2°C) 


10.4 m 
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11-63 Ethyl alcohol is heated by water in a 2-shell passes and 8-tube passes heat exchanger. The heat 
transfer surface area of the heat exchanger is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of water and ethyl alcohol are given to be 4.19 and 2.67 kJ/kg.°C, 
respectively. 

Analysis The rate of heat transfer in this heat exchanger is 

Q = [me p (T out - T in )] ethylalcohol = (2. 1 kg/s)(2.67 kJ/kg.°C)(70°C - 25°C) = 252.3 kW 


The logarithmic mean temperature difference for counter- 
flow arrangement and the correction factor F are 

at; = T h in - T c out = 95 °C - 70°C = 25°C 

A T 2 = T Kou , - T cJn = 45°C - 25°C = 20°C 


A T 


A7\-A t 2 


25-20 


lm,CF 


\n(AT x ! AT 2 ) ln(25 / 20) 


= 22.4°C 


P = 


R = 


t n ~t 


70-25 


T x -U 95-25 


= 0.64 


T-T 9 95-45 


= 1.1 


F = 0.82 


t 2 -t x 70-25 
Then the heat transfer surface area on the tube side becomes 

<2 


Q = U i A i FAT lmCF 


■> A: = 


70°C 

Ethyl 
Alcohol 
25 °C 
2.1 kg/s 


Water 

95°C 



(8 tube passes) 


45°C 


252.3 kW 


U t F AT lmCF (0.950 kW/m 2 . o C)(0.82)(22.4 o C) 


14.5 m 
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11-64 Water is heated by ethylene glycol in a 2-shell passes and 12-tube passes heat exchanger. The rate 
of heat transfer and the heat transfer surface area on the tube side are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of water and ethylene glycol are given to be 4.18 and 2.68 kJ/kg.°C, 
respectively. 

Analysis The rate of heat transfer in this heat exchanger is : 

Q = [mc p (T out -r M )] watcr = (0.8 kg/s)(4. 18 kJ/kg. o C)(70°C-22°C) = 160.5 kW 


The logarithmic mean temperature difference for counter- 
flow arrangement and the correction factor F are 

ATi = T h m - T c om = 1 1 0°C - 70°C = 40°C 

A T 2 = T h out -T cin = 60°C - 22°C = 38°C 


A T, 


A r, - A T 2 


40-38 


lm,CF 


= 39°C 


P = 


R = 


\n(AT x / A T 2 ) ln(40/38) 

U-U 70-22 


T x t x 
T, ~F 


110-22 

110-60 


= 0.55 
= 1.04 


F = 0.92 


t 2 -t x 70-22 
Then the heat transfer surface area on the tube side becomes 

0 


Q - U i A i F AT lm ^ CF 


^ A: = 


70°C 

Water 
22°C - 
0.8 kg/s 




Ethylene 
10°C 



160.5 kW 


U t F AT lmCF (0.28 kW/m 2 . o C)(0.92)(39 o C) 


16.0m 
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11-65 EES Prob. 11-64 is reconsidered. The effect of the mass flow rate of water on the rate of heat 
transfer and the tube-side surface area is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_w_in=22 [C] 

T_w_out=70 [C] 
m_dot_w=0.8 [kg/s] 

C_p_w=4.1 8 [kJ/kg-C] 

T glycol_in=1 1 0 [C] 

T_glycol_out=60 [C] 

C_p_glycol=2.68 [kJ/kg-C] 

U=0.28 [kW/m A 2-C] 

"ANALYSIS" 

Q_dot=m_dot_w*C_p_w*(T_w_out-T_w_in) 
Q_dot=m_dot_glycol*C_p_glycol*(T_glycolJn-T_glycol_out) 
DELTAT_1 =T_glycol_in-T_w_out 
D E LT AT_2 =T_g lyco l_o u t-T_w_i n 

D E LT ATJ m_C F=(DE LTAT_1 - D E LT AT_2 )/l n ( D E LTAT1 / D E LTAT2) 

P=(T_w_out-T_w_in)/(T_glycol_in-T_w_in) 

R=(T_glycol_in-T_glycol_out)/(T_w_out-T_wJn) 

F=0.92 "from Fig. 11 -1 8b of the text at the calculated P and R" 

Q dot=U*A*F*DELTAT Im CF 


450 


400 


350 


300 
^ 250 


•O 200 


150 


100 


50 

0.25 0.65 1.05 1.45 1.85 2.25 

rh w [kg/s] 



m w 

[kg/s] 

Q 

[kW] 

A 

[m 2 ] 

0.4 

80.26 

7.99 

0.5 

100.3 

9.988 

0.6 

120.4 

11.99 

0.7 

140.4 

13.98 

0.8 

160.5 

15.98 

0.9 

180.6 

17.98 

1 

200.6 

19.98 

1.1 

220.7 

21.97 

1.2 

240.8 

23.97 

1.3 

260.8 

25.97 

1.4 

280.9 

27.97 

1.5 

301 

29.96 

1.6 

321 

31.96 

1.7 

341.1 

33.96 

1.8 

361.2 

35.96 

1.9 

381.2 

37.95 

2 

401.3 

39.95 

2.1 

421.3 

41.95 

2.2 

441.4 

43.95 
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11-66E Steam is condensed by cooling water in a condenser. The rate of heat transfer, the rate of 
condensation of steam, and the mass flow rate of cold water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 6 The thermal resistance of the inner tube is negligible since the 
tube is thin-walled and highly conductive. 


Properties We take specific heat of water are given to 
be 1.0 Btu/lbm.°F. The heat of condensation of steam at 
90°F is 1043 Btu/lbm. 

Analysis ( a ) The log mean temperature difference is 
determined from 

A T x =T hM -T cou , = 90°F - 73°F = 17°F 
Ar 2 = T h out - T c ln = 90°F-60°F = 30°F 


AT 


at x -\t 2 


17-30 


lm,CF 


ln(A T x / A T 2 ) ln(17 / 30) 


= 22.9°F 


The heat transfer surface area is 


A s = 8h/zDL = 8x50x n{ 3 / 48 ft)(5 ft) = 392.7 ft 2 


and 


1 

n 


Steam 
90°F 
20 lb m/s 


<£ 


<£ 


<£ 


<£ 

<S 


(8 tube passes) 


2 ) 

2) 

2 ) 

2 ) 


90°F 


u 

I 


73°F 


60°F 


Water 


Q = UA s AT lm = ( 600 Btu/h.ft 2 ,°F)(392.7 ft 2 )(22.9°F) = 5.396x10 6 Btu/h 


(, b ) The rate of condensation of the steam is 


Q = ( mh fg ) steam 


> m 


steam 



5.396 xlO 6 Btu/h 
1043 Btu/lbm 


= 5173 lbm/h = 1.44 lbm/s 


(c) Then the mass flow rate of cold water becomes 


Q 


m 


cold water 


[lilC p (T out T jn ) ] co ld water 

Q _ 5.396 xlO 6 Btu/h 

c p (T oul ~T in ) ~ (1.0 Btu/lbm. o F)(73 o F-60°F] 


4.15x10 s Ibm/h = 115 lbm/s 
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11-67E EES Prob. 11-66E is reconsidered. The effect of the condensing steam temperature on the rate of 
heat transfer, the rate of condensation of steam, and the mass flow rate of cold water is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

N_pass=8 
N_tube=50 
T_steam=90 [F] 
h_fg_steam=1 043 [Btu/lbm] 

T_w_in=60 [F] 

T_w_out=73 [F] 

C_p_w=1 .0 [Btu/lbm-F] 

D=3/4*1/1 2 [ft] 

1=5 [ft] 

U=600 [Btu/h-ft A 2-F] 

"ANALYSIS" 

"(a)" 

DELTAT_1 =T_steam-T_w_out 
D E LT AT_2 =T_ste am -T_w_i n 

DELTAT_lm=(DELTAT_1-DELTAT_2)/ln(DELTAT_1/DELTAT_2) 
A=N_pass*N_tube*pi*D*L 
Q_dot=U*A*DELTAT_lm*Convert(Btu/h, Btu/s) 

"(b)" 

Q_dot=m_dot_steam*h_fg_steam 

"(c)" 

Q_d ot = m_d ot_w* C_p_w* (T_w_o u t-T_w_i n ) 


T steam [F] 

0 [Btu/s] 

m steam [lbm/s] 

m w [lbm/s] 

80 

810.5 

0.7771 

62.34 

82 

951.9 

0.9127 

73.23 

84 

1091 

1.046 

83.89 

86 

1228 

1.177 

94.42 

88 

1363 

1.307 

104.9 

90 

1498 

1.436 

115.2 

92 

1632 

1.565 

125.6 

94 

1766 

1.693 

135.8 

96 

1899 

1.821 

146.1 

98 

2032 

1.948 

156.3 

100 

2165 

2.076 

166.5 

102 

2297 

2.203 

176.7 

104 

2430 

2.329 

186.9 

106 

2562 

2.456 

197.1 

108 

2694 

2.583 

207.2 

110 

2826 

2.709 

217.4 

112 

2958 

2.836 

227.5 

114 

3089 

2.962 

237.6 

116 

3221 

3.088 

247.8 

118 

3353 

3.214 

257.9 

120 

3484 

3.341 

268 
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11-68 Glycerin is heated by hot water in a 1 -shell pass and 20-tube passes heat exchanger. The mass flow 
rate of glycerin and the overall heat transfer coefficient of the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heat of glycerin is given to be are given to be 2.48 kJ/kg.°C and that of water is 
taken to be 4.18 kJ/kg.°C. 

Analysis The rate of heat transfer in this heat exchanger is 

Q = [mc p (T in -T out )] water = (0.5 kg/s)(4.18 kJ/kg.°C)(100 o C-55°C) = 94.05 kW 


The mass flow rate of the glycerin is determined from 

Q — [the p (T out — T in )] gly Cer i n 

Q 94.05 kJ/s 


m 


glycerin 


c p (T out -T in ) (2.48 kJ/kg.°C)[(55°C -15°C] 


= 0.95 kg/s 


The logarithmic mean temperature difference for counter- 
flow arrangement and the correction factor F are 

A?i = T hm -T cou , = 100°C-55°C = 45°C 

A T 2 = T hjmt - T c in = 55°C - 15°C = 40°C 


I 

ri 


Glycerin 

15°C 


AT 


AT, - AT 2 


45-40 


lm,CF 


ln(A T x ! AT 2 ) ln(45/40) 


= 42.5°C 


P = 


R = 


h h_ 

T x -t\ 

T -T- 


55-100 

15-100 

15-55 


= 0.53 


= 0.89 


F =0.11 


(s 

<£ 






(C 


(£ 


2) 

2 ) 

2 ) 

2 ) 


t 2 ~t i 55-100 

The heat transfer surface area is 

A s — njrDL — 20^(0.04 m)(2m) = 5.027 m~ 

Then the overall heat transfer coefficient of the heat exchanger is determined to be 

Q 94.05 kW 


55°C 


u 

i 


55°C 


100°C 

Hot Water 
0.5 kg/s 


Q - UA s FAT lm CF 


■>f/ = 


A s FAT lmCF (5.027 m 2 )(0.77)(42.5°C) 


0.572 kW/m 2 .°C 
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11-69 Isobutane is condensed by cooling air in the condenser of a power plant. The mass flow rate of air 
and the overall heat transfer coefficient are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 


Properties The heat of vaporization of isobutane at 
75 °C is given to be h fg = 255.7 kJ/kg and specific 
heat of air is taken to be c p = 1005 J/kg.°C. 

Analysis First, the rate of heat transfer is 
determined from 

Q — (mhj- g ) isobutane 

= (2.7 kg/s)(255.7 kJ/kg) = 690.4 kW 
The mass flow rate of air is determined from 


* 


Air, 28°C 


* 



Q = \>iic p (T oul -T m )] air 




Q 


air 


Cp(T. out-^in) 


690.4 kJ/s 

( 1 .005 kJ/kg.°C)(28°C - 21 °C) 


= 98.1 kg/s 


The temperature differences between the isobutane and the air at the two ends of the condenser are 
AT, =T Wm -r cout = 75°C-21°C = 54°C 
A T 2 = T houi -T c in = 75°C-28°C = 47°C 


and 


A7"i IT1 - 


at x -at 2 

lnCATj / A T 2 ) 


54-47 

ln(54/47) 


50.4°C 


Then the overall heat transfer coefficient is determined from 
Q = UA s AT lm > 690,400 W = t/ (24 m 2 )(50.4°C) 


>U = 571 W/m 2 .°C 
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11-70 Water is evaporated by hot exhaust gases in an evaporator. The rate of heat transfer, the exit 
temperature of the exhaust gases, and the rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 


Properties The heat of vaporization of water at 200°C is 
given to be hf g =1941 kJ/kg and specific heat of exhaust 
gases is given to be c p = 1051 J/kg.°C. 

Analysis The temperature differences between the water 
and the exhaust gases at the two ends of the evaporator 
are 

AT, = T hin -T cout = 550°C - 200°C = 350°C 
A7 2 =7 h, out -T c ,m =<Th, ou t -200)°C 


and 




at x -at 2 


^ 350 -(7^ -200) 

liKAr, / A T 2 )~ ln[350/(T hout -200) 

Then the rate of heat transfer can be expressed as 


n 


Water 

200°C 


(£ 

<£ 


fc 




(C 


<£ 


, . 350-(r hout -200) 

Q = UA s AT lm = (1 .780 kW/m 2 .°C)(0.5 m 2 ) , 

In 350/(r hout 200) 


2 ) 


2 ) 


2 ) 

2 ) 


200°C 


u 

I 


Th, 


out 


550°C 

Exhaust 

gases 


(Eq. 1) 


The rate of heat transfer can also be expressed as in the following forms 

Q = [mc p (T hin -r h , out )] exhaust = (0.25kg/s)(1.051kJ/kg. o C)(550°C-r hout ) (Eq. 2) 

gases 

Q = (m h f g ) water =m wat er (1941 kJ/kg) (Eq. 3) 


We have three equations with three unknowns. Using an equation solver such as EES, the unknowns are 
determined to be 


Q = 88.85 kW 
Thou, =211.8°C 

water = 0-0458 Wq/S 
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11-71 EES Prob. 11-70 is reconsidered. The effect of the exhaust gas inlet temperature on the rate of heat 
transfer, the exit temperature of exhaust gases, and the rate of evaporation of water is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_exhaust_in=550 [C] 

C_p_exhaust=1 .051 [kJ/kg-C] 
m_dot_exhaust=0.25 [kg/s] 

T_w=200 [C] 
h_fg_w=1941 [kJ/kg] 

A=0.5 [m A 2] 

U=1 .780 [kW/m A 2-C] 

"ANALYSIS" 

DELTAT_1 =T_exhaust_in-T_w 
D E LT AT_2 =T_ex h au st_o u t-T_w 

D E LT ATJ m = ( D E LT AT _1 - D E LT AT_2 )/l n ( D E LT AT_1 / D E LT AT_2 ) 
Q_dot= U * A* D E LT AT I m 

Q_dot=m_dot_exhaust*C_p_exhaust*(T_exhaust_in-T_exhaust_out) 

Q_dot=m_dot_w*h_fg_w 


Texhaust,in [C] 

Q [kW] 

Texhaust.out [C] 

m w [kg/s] 

300 

25.39 

203.4 

0.01308 

320 

30.46 

204.1 

0.0157 

340 

35.54 

204.7 

0.01831 

360 

40.62 

205.4 

0.02093 

380 

45.7 

206.1 

0.02354 

400 

50.77 

206.8 

0.02616 

420 

55.85 

207.4 

0.02877 

440 

60.93 

208.1 

0.03139 

460 

66.01 

208.8 

0.03401 

480 

71.08 

209.5 

0.03662 

500 

76.16 

210.1 

0.03924 

520 

81.24 

210.8 

0.04185 

540 

86.32 

211.5 

0.04447 

560 

91.39 

212.2 

0.04709 

580 

96.47 

212.8 

0.0497 

600 

101.5 

213.5 

0.05232 
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11-72 The waste dyeing water is to be used to preheat fresh water. The outlet temperatures of each fluid 
and the mass flow rate are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 There is no 
fouling. 5 Fluid properties are constant. 

Properties The specific heats of waste dyeing water and the fresh water are given to be c p = 4295 J/kg.°C 
and c p = 4180 J/kg.°C, respectively. 

Analysis The temperature differences between the dyeing water 
and the fresh water at the two ends of the heat exchanger are 


AT, - ?h,in ^ c ,out “ 75 T c out 
^ 2 = 7h,out “ ^ c ,in = 7h,out “ 1 ^ 


and 


AT lm = 


AT, -A T 2 (75-r cout )-(r hout -15) 


Dyeing 

water 

< 

75°C 


P~ 


* 


ln( ATj / AT 2 ) ln[(75-r c out )/(T h out -15) 

Then the rate of heat transfer can be expressed as 
Q = UA s AT lm 

35 kW = (0.625 kW/m 2 .°C)(1 .65 m 2 ) 

ln[(75-r c , out )/(r h>out — 15)J 


T, 


C,OUt 


Fresh 

water 

15°C 


* 


r, 


h,out 


(Eq. 1) 


The rate of heat transfer can also be expressed as 

Q = [mc p (T Wm - T h oui )] dyeing > 35 kW = m(4.295 kJ/kg.°C)(75°C - T h?out ) (Eq. 2) 


water 


Q = [mc p (T hia -r h out )] water >35 kW = m(4.18kJ/kg. o C)(r c 0Ut -15°C) (Eq. 3) 

We have three equations with three unknowns. Using an equation solver such as EES, the unknowns are 
determined to be 

T’c.cm = 41 AC 

T b , ou, = 49.3°C 

m = 0.31 7 kg/s 
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The Effectiveness-NTU Method 

11-73C When the heat transfer surface area A of the heat exchanger is known, but the outlet temperatures 
are not, the effectiveness-NTU method is definitely preferred. 


11-74C The effectiveness of a heat exchanger is defined as the ratio of the actual heat transfer rate to the 
maximum possible heat transfer rate and represents how closely the heat transfer in the heat exchanger 
approaches to maximum possible heat transfer. Since the actual heat transfer rate can not be greater than 
maximum possible heat transfer rate, the effectiveness can not be greater than one. The effectiveness of a 
heat exchanger depends on the geometry of the heat exchanger as well as the flow arrangement. 


11-75C For a specified fluid pair, inlet temperatures and mass flow rates, the counter- flow heat exchanger 
will have the highest effectiveness. 


11-76C Once the effectiveness s is known, the rate of heat transfer and the outlet temperatures of cold and 
hot fluids in a heat exchanger are determined from 


Q = ^max 


^min (Thjn 



Q=™ C Cp, c (Tc,out ~ T c,J 

Q = m h c ph (T h in - T h out ) 


11-77C The heat transfer in a heat exchanger will reach its maximum value when the hot fluid is cooled to 
the inlet temperature of the cold fluid. Therefore, the temperature of the hot fluid cannot drop below the 
inlet temperature of the cold fluid at any location in a heat exchanger. 

11-78C The heat transfer in a heat exchanger will reach its maximum value when the cold fluid is heated to 
the inlet temperature of the hot fluid. Therefore, the temperature of the cold fluid cannot rise above the inlet 
temperature of the hot fluid at any location in a heat exchanger. 


11-79C The fluid with the lower mass flow rate will experience a larger temperature change. This is clear 
from the relation 

Q = m c c p AT cold = m h c p AT hot 


11-80C The maximum possible heat transfer rate is in a heat exchanger is determined from 

^max — ^min h, in ^ c, in ) 

where C min is the smaller heat capacity rate. The value of <2 max does not depend on the type of heat 
exchanger. 


11-81C The longer heat exchanger is more likely to have a higher effectiveness. 


11-82C The increase of effectiveness with NTU is not linear. The effectiveness increases rapidly with 
NTU for small values (up to abo ut NTU = 1.5), but rather slowly for larger values. Therefore, the 
effectiveness will not double when the length of heat exchanger is doubled. 
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11-83C A heat exchanger has the smallest effectiveness value when the heat capacity rates of two fluids 
are identical. Therefore, reducing the mass flow rate of cold fluid by half will increase its effectiveness. 

11-84C When the capacity ratio is equal to zero and the number of transfer units value is greater than 5, a 
counter-flow heat exchanger has an effectiveness of one. In this case the exit temperature of the fluid with 
smaller capacity rate will equal to inlet temperature of the other fluid. For a parallel-flow heat exchanger 
the answer would be the same. 


11-85C The NTU of a heat exchanger is defined as NTU = 


UA , 


UA. 


C 


min 


(me') 


where U is the overall heat 


p / min 


transfer coefficient and A s is the heat transfer surface area of the heat exchanger. For specified values of U 
and C m i n , the value of NTU is a measure of the heat exchanger surface area A s . Because the effectiveness 
increases slowly for larger values of NTU, a large heat exchanger cannot be justified economically. 
Therefore, a heat exchanger with a very large NTU is not necessarily a good one to buy. 


11-86C The value of effectiveness increases slowly with a large values of NTU (usually larger than 3). 
Therefore, doubling the size of the heat exchanger will not save much energy in this case since the increase 
in the effectiveness will be very small. 


11-87C The value of effectiveness increases rapidly with small values of NTU (up to about 1.5). 
Therefore, tripling the NTU will cause a rapid increase in the effectiveness of the heat exchanger, and thus 
saves energy. I would support this proposal. 


11-88 Hot water coming from the engine of an automobile is cooled by air in the radiator. The outlet 
temperature of the air and the rate of heat transfer are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 


Properties The specific heats of water and air are given to be 4.00 and 1.00 kJ/kg.°C, respectively. 
Analysis ( a ) The heat capacity rates of the hot and cold 

fluids are Coolant 


C h =m h c ph = (5 kg/s)(4.00 kJ/kg.°C) = 20 kW/°C 
C c =m c c pc = (10kg/s)(1.00kJ/kg.°C) = 10kW/°C 
Therefore 

C min =C c =10kW/°C 

which is the smaller of the two heat capacity rates. Noting 
that the heat capacity rate of the air is the smaller one, the 
outlet temperature of the air is determined from the 
effectiveness relation to be 


s = 


Q 

^max 


r (T -T ) 

min a, out x c,in / 

^min (T h jn ~ T c ,in ) 


W a%out -30)°C 
(80-30)°C 



80°C 
5 kg/s 



->T 


a, out 


= 50°C 


(b) The rate of heat transfer is determined from 


Q = C air (T a out - T a in ) = (10 kW/°C)(50°C - 30°C) = 200 kW 
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11-89 The inlet and exit temperatures and the volume flow rates of hot and cold fluids in a heat exchanger 
are given. The rate of heat transfer to the cold water, the overall heat transfer coefficient, the fraction of 
heat loss, the heat transfer efficiency, the effectiveness, and the NTU of the heat exchanger are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies of fluid 
streams are negligible. 3 Fluid properties are constant. 

Properties The densities of hot water and cold water at the average temperatures of (71.5+58.2)/2 = 64.9°C 
and (1 9.7+27. 8)/2 = 23.8°C are 980.5 and 997.3 kg/m 3 , respectively. The specific heat at the average 
temperature is 4187 J/kg.°C for hot water and 4180 J/kg.°C for cold water (Table A-9). 

Analysis (a) The mass flow rates are 

m h = p h 0 h = (980.5 kg/m 3 )(0.00 105/60 m 3 /s) = 0.0172 kg/s 

m c = p c 0 c = (997.3 kg/m 3 )(0.00155/60m 3 /s) = 0.0258 kg/s 
The rates of heat transfer from the hot water and to the cold water are 

Q h = [me p (T in — T out )] h = (0.0172 kg/s)(4187 kJ/kg.°C)(71.5°C -58.2°C) = 957.8 W 

Q c = [mc p (T out -T in )] c = (0.0258 kg/s)(4180 kJ/kg. 0 C)(27.8°C-19.2°C) = 873.5 W 

(b) The number of shell and tubes are not specified in the problem. Therefore, we take the correction factor 
to be unity in the following calculations. The logarithmic mean temperature difference and the overall heat 
transfer coefficient are 


*T X =T hJn -T CtOUt = 71.5°C-27.8°C = 43.7°C 
A T 2 =T Kout -T cin = 58.2°C-19.7°C = 38.5°C 


A T lm = 


AT, -AT, 43.7-38.5 


In 


r AT X x 


AT 


In 


2 J 


43.7 

38.5 


= 41.0°C 


\ 

n 


U = 


Q he, m (957.8 + 873.5)/ 2 W 


AATi 


1117 W/m 2 C 


27.8°C 

Cold 
water ' 
19.7°C 


Hot 

water 

71.5°C 


bn (0.02 m )(41.0°C) 

Note that we used the average of two heat transfer rates in calculations, 
(c) The fraction of heat loss and the heat transfer efficiency are 


% 




58.2°C 


u 

i 


floss 


?l = 


Qh~Qr 957.8-873.5 


Qh 

Q c __ 873.5 
Qh 


957.8 


= 0.088 = 8 . 8 % 


= 0.912 = 91 .2% 


(d) The heat capacity rates of the hot and cold fluids are 

C h = m h c ph = (0.0172 kg/s)(4187 kJ/kg.°C) = 72.02 W/°C 

C c =m c c pc = (0.0258 kg/s)(4180 kJ/kg.°C) = 107.8 W/°C 

Therefore 

C min = C h = 72.02 W/°C 

which is the smaller of the two heat capacity rates. Then the maximum heat transfer rate becomes 
£max =C min (T h . n -T cin ) = (72.02 W/°C)(71.5°C-19.7°C) = 3731 W 
The effectiveness of the heat exchanger is 
Q (957.8 + 873.5)/ 2 kW 


£ = 


Q 


max 


373 lkW 


= 0.245 = 24.5% 


One again we used the average heat transfer rate. We could have used the smaller or greater heat transfer 
rates in calculations. The NTU of the heat exchanger is determined from 

UA 


NTU = 


C 


min 


(11 17 W/m 2 • C)(0.02 m 2 ) 
72.02 W/°C 


0.310 
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11-90 Water is heated by a hot water stream in a heat exchanger. The maximum outlet temperature of the 
cold water and the effectiveness of the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 


Properties The specific heats of water and air are given to be 
4.18 and 1.0kJ/kg.°C. 

Analysis The heat capacity rates of the hot and cold fluids are 
C h =m h c ph = (0.8 kg/s)(1.0 kJ/kg.°C) = 0.8 kW/°C 
C c = m c c pc = (0.35 kg/s)(4.18 kJ/kg.°C) = 1.463 kW/°C 

Therefore 

C min =C h =0.8kW/°C 

which is the smaller of the two heat capacity rates. Then 
the maximum heat transfer rate becomes 


v 14°C 
X 0.35 kg/s 



£2 max = C mm (T Un - T c in ) = (0.8 kW/°C)(65°C - 14°C) = 40.80 kW 


The maximum outlet temperature of the cold fluid is determined to be 


^max 


r (T 

c,out,m-dx 



=t 

c,out, max c,in 


6max_ 110C| 40.80 kW 
C c 1.463 kW/°C 


41.9°C 


The actual rate of heat transfer and the effectiveness of the heat exchanger are 
Q = C h {T hM -T Kout ) = (0.8 kW/°C)(65°C - 25°C) = 32 kW 


£ 


Q 

Qmax 


32 kW 
40.8 kW 


0.784 
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Steam 


11-91 Lake water is used to condense steam in a shell and tube heat exchanger. The outlet temperature of 
the water and the required tube length are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger 
is well-insulated so that heat loss to the surroundings is negligible and 
thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid 
streams are negligible. 4 Fluid properties are constant. 

Properties The properties of water are given in problem 
statement. The enthalpy of vaporization of water at 
60°C is 2359 kJ/kg (Table A-9). 

Analysis (a) The rate of heat transfer is 

Q = mh fg = (2.5 kg/s)(2359 kJ/kg) = 5898 kW 
The outlet temperature of water is determined from 



Q m c C c (Tc,out T c. in ) 


c,in 


(b) The Reynold number is 

_ 4m 
Re = = 


->r = T 

' x c,out c,in 


4(200 kg/s) 


Q 


m c c c 


= 20°C + 


5898 kW 


(200 kg/s)(4. 18 kJ/kg -°C) 


27.1 °C 


N tube nDp (300)^(0.025 m)(8xl0 ~ 4 kg/m-s) 


= 42,440 


which is greater than 10,000. Therefore, we have turbulent flow. We assume fully developed flow and 
evaluate the Nusselt number from 

Nu= — = 0.023 Re 0 ' 8 Pr 0 ' 4 = 0.023(42,440)°' 8 (6) 04 = 237.2 


Heat transfer coefficient on the inner surface of the tubes is 

h t = —Nu = °' 6 W/m _ C (237.2) = 5694 W/m 2 .°C 
D 0.025 m 

Disregarding the thermal resistance of the tube wall the overall heat transfer coefficient is determined from 


U = 


1 


1 


lu /T 


1 


1 


= 3410 W/m 2 .°C 


5694 8500 

The logarithmic mean temperature difference is 

AT, = T h in -T c out = 60°C-27.1°C = 32.9°C 

A T 2 = T h out -T c in =60 o C-20°C = 40°C 


Ar fa = 


AT, -AT, 32.9-40 


^ 32 . 9 ^ 

40 


In 


r A T, ^ 


= 36.3°C 


AT 


In 


2 J 


Noting that each tube makes two passes and taking the correction factor to be unity, the tube length per 
pass is determined to be 


Q = UAFAT, -> L = 


Q 


5898 kW 


U ( nD)F AT lm (3.41 0 kW/m 2 • C )[2 x 300 x /r x 0.025 m 2 } I )(36.3°C ) 


1.01m 
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11-92 Air is heated by a hot water stream in a cross-flow heat exchanger. The maximum heat transfer rate 
and the outlet temperatures of the cold and hot fluid streams are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 


Properties The specific heats of water and air are given 
to be 4.19 and 1.005 kJ/kg.°C. 

Analysis The heat capacity rates of the hot and cold 
fluids are 

C h =m h c ph = (1 kg/s)(4190 J/kg.°C) = 4190 W/°C 
C c = m c c pc = (3 kg/s)(1005 J/kg.°C) = 3015 W/°C 

Therefore 

C min =C c = 3015 W/°C 


70°C 



which is the smaller of the two heat capacity rates. Then the maximum heat transfer rate becomes 


(^max 


C min ( T h,in ~ T c,in ) = (3015 W/°C)(70°C - 20°C) = 150,750 W = 1 50.8 kW 


The outlet temperatures of the cold and the hot streams in this limiting case are determined to be 


Q = C r (T - T l m ) > T, = T j +Q- = 20°C + 15 °- 75kW = 70°C 


Q~ C h (Th,in T h,out ) * T h o U t ~ T hi 


C, 


Q 


h,out 1 h,in 


c> 


= 70°C 


3.015 kW/°C 

150.75 kW 
4.19kW/°C 


= 34.0°C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




11-54 


11-93 Hot oil is to be cooled by water in a heat exchanger. The mass flow rates and the inlet temperatures 
are given. The rate of heat transfer and the outlet temperatures are to be determined. V 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The thickness 
of the tube is negligible since it is thin-walled. 5 The overall heat transfer coefficient is constant and 
uniform. 


Properties The specific heats of the water and oil are given to 
be 4.18 and 2.2 kJ/kg.°C, respectively. 

Analysis The heat capacity rates of the hot and cold fluids are 
C h = m h c ph = (0.2 kg/s) (2200 J/kg.°C) = 440 W/°C 

C c = m c c pc = (0.1 kg/s)(4180 J/kg.°C) = 418 W/°C 


Therefore, 

and 


C min =C c =418W/°C 


C 


c = 


min 


c 


max 


418 

440 


= 0.95 


Then the maximum heat transfer rate becomes 


Water 
18°C - 
0.1 kg/s 


Gmax = C min CTu* -T cJn ) = (418 W/°C)(160°C - 18°C) = 59.36 kW 


I 


Oil 
160°C 
0.2 kg/s 


Lf 

* 


% 


(12 tube passes) 


c,in 


The heat transfer surface area is 

A s = n{nDL) = (12)(^)(0.018m)(3m) = 2.04 m 2 
The NTU of this heat exchanger is 

mU- UA * _ (340 W/m 2 .°C) (2.04 m 2 ) _ 


C 


min 


418 W/°C 


Then the effectiveness of this heat exchanger corresponding to c - 0.95 and NTU = 1.659 is determined 
from Fig. 1 l-26d to be 

*=0.61 

Then the actual rate of heat transfer becomes 


Q = sQ nrdX = (0.61)(59.36 kW) = 36.2 kW 

Finally, the outlet temperatures of the cold and hot fluid streams are determined to be 


Q = c r (T r nut - T in ) > T = T cJn + -2- = 1 8°c 4 " k ' ' 


Q~ C h( T h,in T ht out) 


aT —T 

~ J h,out 1 h,in 


c. 


Q 


c, 


= 160°C 


0.418 kW/°C 
36.2 kW 


0.44 kW/°C 


= 104.6°C 
= 77.7°C 


11-94 Inlet and outlet temperatures of the hot and cold fluids in a double-pipe heat exchanger are given. It 
is to be determined whether this is a parallel-flow or counter-flow heat exchanger and the effectiveness of 
it. 

Analysis This is a counter-flow heat exchanger because in the parallel-flow heat exchangers the outlet 
temperature of the cold fluid (55°C in this case) cannot exceed the outlet temperature of the hot fluid, 
which is (45 °C in this case). Noting that the mass flow rates of both hot and cold oil streams are the same, 
we have C min = C max . Then the effectiveness of this heat exchanger is determined from 


£ 


Q 

Qm&x 


Ch (Th,in ^ h, out ) 

^min (Th,in ~^c,in) 


C h (T hin -T hout ) _ 80°C-45°C 
C h (T hM -T cM ) 80°C - 20°C 
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11-95E Inlet and outlet temperatures of the hot and cold fluids in a double-pipe heat exchanger are given. 
It is to be determined the fluid, which has the smaller heat capacity rate and the effectiveness of the heat 
exchanger. 

Analysis Hot water has the smaller heat capacity rate since it experiences a greater temperature change. 
The effectiveness of this heat exchanger is determined from 


s = 


Q 

Qm&x 


Ch T h,out ) 

^min (Th,in ~ T c,in^ 


ChV' htin -T h , out ) = 190 o F-100°F 
C h (T Kin -T cM ) 190°F-70°F 


11-96 A chemical is heated by water in a heat exchanger. The mass flow rates and the inlet temperatures 
are given. The outlet temperatures of both fluids are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The thickness 
of the tube is negligible since tube is thin-walled. 5 The overall heat transfer coefficient is constant and 
uniform. 

Properties The specific heats of the water and chemical are given to be 4.18 and 1.8 kJ/kg.°C, respectively. 
Analysis The heat capacity rates of the hot and cold fluids are 

C h =m h c ph = (2 kg/s)(4.18 kJ/kg.°C) = 8.36 kW/°C f 


C c = m c c pc = (3 kg/s) (1.8 kJ/kg.°C) = 5.40 kW/°C 


Therefore, 

and 


C min =C c =5.4kW/°C 


C 


c = 


min 


5.40 


= 0.646 


Chemical 

20°C 
3 kg/s 


C max 8.36 
Then the maximum heat transfer rate becomes 

<2 m ax = C mm (T hjn - T c m ) = (5.4 kW/°C)(l 10°C - 20°C) = 486 kW 
The NTU of this heat exchanger is 

NTU=™*- = ^W/nr.°C)(7m 2 ) 



Hot Water 
10°C 
2 kg/s 


C 


min 


5.4kW/°C 


Then the effectiveness of this parallel-flow heat exchanger corresponding to c = 0.646 and NTU=1.556 is 
determined from 

l-expHV7T/(l + c)] l-exp[— 1.556(1 + 0.646)] „ 

s = = = 0.56 

1 + c 1 + 0.646 

Then the actual rate of heat transfer rate becomes 
Q = sQ mdx = (0.56)(486kW) = 272.2 kW 

Finally, the outlet temperatures of the cold and hot fluid streams are determined to be 


Q — C r (T c out T c in ) 


c,in 


Q - Ch (Thjn Th.out ) 


h,out 


=t + 

c,out c,in 


aT — T 

~ 1 h,out 1 h,in 


Q 


c. 


- 20°C + 


272.2 kW 


= 70.4°C 


Q 


c> 


= 110°C 


5.4 kW /°C 

272.2 kW 
8.36 kW/°C 


77.4°C 
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11-97 EES Prob. 11-96 is reconsidered. The effects of the inlet temperatures of the chemical and the water 
on their outlet temperatures are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_chemicaljn=20 [C] 

C_p_chemical=1 .8 [kJ/kg-C] 
m_dot_chemical=3 [kg/s] 

T_w_jn=110 [C] 
m_dot_w=2 [kg/s] 

C_p_w=4.1 8 [kJ/kg-C] 

A=7 [m A 2] 

U=1 .2 [kW/m A 2-C] 

"ANALYSIS" 

"With EES, it is easier to solve this problem using LMTD method than NTU method. Below, 
we use LMTD method. Both methods give the same results." 

DELTAT_1 =T_wJn-T_chemical_in 
D E LT AT_2 =T_w_o u t-T_ch e m ica l_o u t 

D E LTATJ m=(DE LTAT1 - D E LT AT 2)/l n ( DELTAT_1 /DELTAT_2) 

Q_dot=U*A* D E LTAT_I m 

Q_dot=m_dot_chemical*C_p_chemical*(T_chemical_out-T_chemical_in) 

Q_dot= m_d ot_w*C_p_w* (T_w_i n -T_w_o u t) 


T chemical, in 

[C] 

T chemical, out 

[C] 

10 

66.06 

12 

66.94 

14 

67.82 

16 

68.7 

18 

69.58 

20 

70.45 

22 

71.33 

24 

72.21 

26 

73.09 

28 

73.97 

30 

74.85 

32 

75.73 

34 

76.61 

36 

77.48 

38 

78.36 

40 

79.24 

42 

80.12 

44 

81 

46 

81.88 

48 

82.76 

50 

83.64 
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Tw. in rci 

T w ,out [C] 

80 

58.27 

85 

61.46 

90 

64.65 

95 

67.84 

100 

71.03 

105 

74.22 

110 

77.41 

115 

80.6 

120 

83.79 

125 

86.98 

130 

90.17 

135 

93.36 

140 

96.55 

145 

99.74 

150 

102.9 



11-98 Water is heated by hot air in a heat exchanger. The mass flow rates and the inlet temperatures are 
given. The heat transfer surface area of the heat exchanger on the water side is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 


Properties The specific heats of the water and air are given to be 4.18 and 1.01kJ/kg.°C, respectively. 
Analysis The heat capacity rates of the hot and cold fluids are 
C h =m h c ph = (4kg/s)(4.18kJ/kg.°C) = 16.72 kW/°C 
C c = m c c pc = (9 kg/s)(1.01 kJ/kg.°C) = 9.09 kW/°C 


Water 

\20°C,4kg/s 


Therefore, 

and 


C min = C c = 9.09 kW/°C 


c 

£ _ min 


9.09 


= 0.544 


Qnax 16.72 

Then the NTU of this heat exchanger corresponding to 
c = 0.544 and e= 0.65 is determined from Fig. 1 1-26 to be 

NTU = 1.5 

Then the surface area of this heat exchanger becomes 

(1.5)(9.09 kW/°C) 



UA„ 

NTU = ^ 


C 


min 


NTU C 

^ ^ 1 u ^ min 

u 


= 52.4 m 


0.260 kW/m\°C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 






11-58 


11-99 Water is heated by steam condensing in a condenser. The required length of the tube is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 


Properties The specific heat of the water is given to be 4.18 kJ/kg.°C. The heat of vaporization of water at 
120°C is given to be 2203 kJ/kg. 


Analysis (a) The temperature differences between the steam 
and the water at the two ends of the condenser are 


at; = T hln -T cout = 120°C-80°C = 40°C 
at; = T Kout -T cin = 120°C-17°C = 103°C 


The logarithmic mean temperature difference is 



AT x _AT 2 _ = , 4Q _ 1Q3 _ = 66 6 o C 
\n(AT { ! AT 2 ) ln(40/103) 


The rate of heat transfer is determined from 


Water 



\ 80°C 


Q = m c c pc (T c out -T c in ) = (1.8 kg/s)(4.18 kJ/kg. °C)(80°C -17°C) = 474.0 kW 


The surface area of heat transfer is 


Q = UA s ATi 


m > 


A „ = 


Q 


474.0 kW 


= 10.17 m 


UAT lm 0.7 kW/m 2 .°C)(66.6°C) 

The length of tube required then becomes 

A s = nDL >L = A i = 1017m =129.5 m 

nD ^-(0.025 m) 

( b ) The maximum rate of heat transfer rate is 

Gmax = C mm (T h , in -T cM ) = (1.8 kg/s)(4.18 kJ/kg. °C)(120°C-17°C) = 775.0 kW 
Then the effectiveness of this heat exchanger becomes 
Q 474 kW 


£ = — 


= 0.612 


e ni ax 775 kW 

The NTU of this heat exchanger is determined using the relation in Table 11-5 to be 
NTU = - ln(l -£) = - ln(l - 0.6 1 2) = 0.947 

The surface area is 


UA S 

NTU = 




, NTU C min (0.947)(1.8 kg/s)(4. 18 kJ/kg. °C) 1A1Q 2 

-> A „ = = = 1U.1S m 


min 


u 


0.7 kW/m 2 .°C 


Finally, the length of tube required is 


A s =71 DL >L = Al = 1018m =129.6 m 

ttD ^-(0.025 m) 
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11-100 Ethanol is vaporized by hot oil in a double-pipe parallel-flow heat exchanger. The outlet 
temperature and the mass flow rate of oil are to be determined using the LMTD and NTU methods. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 


Properties The specific heat of oil is given to be 2.2 
kJ/kg.°C. The heat of vaporization of ethanol at 
78°C is given to be 846 kJ/kg. 

Analysis ( a ) The rate of heat transfer is 

Q = mh fg = (0.03 kg/s)(846 kJ/kg) = 25.38 kW 
The log mean temperature difference is 

Q 25,380 W 



Ethanol 


78°C 
0.03 kg/s 


i 


Q = uaat 


Im 


^AJ ' lm ~ 


UA S (320 W/m 2 .°C)(6.2 m 2 ) 
The outlet temperature of the hot fluid can be determined as follows 


= 12.8°C 


A T { = T h . n -T c , n = 120°C - 78°C = 42°C 
AT 2 = T hout ~T cout = T hout -78°C 


and 


A T lm = 


AT, -AT 2 


42 — (T h ' OUt -78) 


\n(AT { /AT 2 ) \n[42 1(T hout -78)] 


= 12.8°C 


whose solution is 


T 


h,out 


79.8°C 


Then the mass flow rate of the hot oil becomes 

Q 


Q = mc p ( T h,in ~ T h , ou , ) > m = 


25,380 W 


C„ (T hJn - T„, out ) (2200 J/kg.°C)( 120°C - 79.8°C) 


0.287 kg/s 


(b) The heat capacity rate C - me of a fluid condensing or evaporating in a heat exchanger is infinity, 
and thus C = C min /C max = 0. 

The effectiveness in this case is determined from e = \-e~ NTU 

UA„ 


where NTU = 


(320 W/m 2 .°C)(6.2m 2 ) 


and 


C min (m, kg/s)(2200 J/kg.°C) 

Smax — ^min ^ It, in ^ c, in ) 

Q C min (T hfin ~ ? c,in ) 1 20 - T h out 


£ = 


Q 


max 


Cmin (T hJn -T cJn ) 120-78 


Q = C h (T hM -T Kout ) = 25,380 W 
Q = m x 2200(120 - T hout ) = 25,380 W 

6.2x320 


Also 


120 -T, 


h,out 


— J _ £ mx 2200 


120-78 

Solving (1) and (2) simultaneously gives 


(1) 


( 2 ) 


m h = 0.287 kg/s and T 


h,out 


79.8°C 
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11-101 Water is heated by solar-heated hot air in a heat exchanger. The mass flow rates and the inlet 
temperatures are given. The outlet temperatures of the water and the air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 


Properties The specific heats of the water and air are given to be 4.18 and 1.01 kJ/kg.°C, respectively. 
Analysis The heat capacity rates of the hot and cold fluids are 
C h =m h c ph = (0.3kg/s)(1010 J/kg.°C) = 303 W/°C 
C c =m c c pc = (0. 1 kg/s)(4180 J/kg.°C) = 418 W/°C 


Cold Water 
22°C 
0.1 kg/s 


Therefore, 

and 


C mm = C c = 303 W/°C 


C = 


r 

min 


303 


- 0.725 


Hot Air 

90°C 
0.3 kg/s 


Z 


\ 

n 


2 


C max 418 

Then the maximum heat transfer rate becomes 

Gmax = C min (T hJn - T cM ) = (303 W/°C)(90°C - 22°C) = 20,604 kW 
The heat transfer surface area is 

A s = xDL = O)(0.012m)(12m) = 0.45 m 2 
Then the NTU of this heat exchanger becomes 


i 


UA 

NTU = 


(80 W/m 2 .°C) (0.45 m z ) 
303 W/°C 


C 


min 


= 0.119 


The effectiveness of this counter- flow heat exchanger corresponding to c = 0.725 and NTU = 0.1 19 is 
determined using the relation in Table 1 1-4 to be 


s = 


1 - exp [-ATT/ (1 - c)] 


1 - exp[-0.1 19(1 - 0.725)] 


= 0.108 


1 - c exp[-NTU (1 -c)] 1 - 0.725 exp[-0. 1 19(1 - 0.725)] 

Then the actual rate of heat transfer becomes 

Q = eQmzx = (0. 108)(20,604 W) = 2225.2 W 
Finally, the outlet temperatures of the cold and hot fluid streams are determined to be 

Q — C c (T c out — T c ■ ) — 


= r . 

' c.out c.w 


+ -^- = 22°C+ 222 ^ ,2w -27.3°C 


c. 


Q~ C h( T h,in Th,ut) 


h,out 


aT — T 

~ 1 h,out 1 h,in 


Q 


c, 


= 90°C 


418 W /°C 

2225.2 W 
303 W/°C 


= 82.7°C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



11-61 


11-102 EES Prob. 11-101 is reconsidered. The effects of the mass flow rate of water and the tube length on 
the outlet temperatures of water and air are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_air_in=90 [C] 
m_dot_air=0.3 [kg/s] 

C_p_air=1.01 [kJ/kg-C] 

T_w_in=22 [C] 
m_dot_w=0.1 [kg/s] 

C_p_w=4.1 8 [kJ/kg-C] 

U=0.080 [kW/m A 2-C] 

L=1 2 [m] 

D=0.01 2 [m] 

"ANALYSIS" 

"With EES, it is easier to solve this problem using LMTD method than NTU method. Below, 
we use LMTD method. Both methods give the same results." 

DELTAT_1 =T_air_in-T_w_out 
D E LT AT_2 =T_ai r_o u t-T_w_i n 

D E LTATJ m=(DE LTAT_1 - D E LTAT_2)/I n ( DELTAT_1 /DELTAT_2) 

A=pi*D*L 

Q_dot=U*A* D E LTATJ m 
Q_dot=m_dot_air*C_p_air*(T_airJn-T_air_out) 

Q_dot= m_d ot_w*C_p_w* (T_w_o u t-T_w_i n ) 


m w 

[kg/s] 

T 

*- w, out 

[C] 

T . 

A air, out 

[C] 

0.05 

32.27 

82.92 

0.1 

27.34 

82.64 

0.15 

25.6 

82.54 

0.2 

24.72 

82.49 

0.25 

24.19 

82.46 

0.3 

23.83 

82.44 

0.35 

23.57 

82.43 

0.4 

23.37 

82.42 

0.45 

23.22 

82.41 

0.5 

23.1 

82.4 

0.55 

23 

82.4 

0.6 

22.92 

82.39 

0.65 

22.85 

82.39 

0.7 

22.79 

82.39 

0.75 

22.74 

82.38 

0.8 

22.69 

82.38 

0.85 

22.65 

82.38 

0.9 

22.61 

82.38 

0.95 

22.58 

82.38 

1 

22.55 

82.37 


30.8 


rr 28.6- 


o 



- 26.4 - 


24.2 


0.4 0.6 

m w [kg/s] 
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L [m] 

Tvv.ou, [C] 

T • 

x air, out 

[C] 

5 

24.35 

86.76 

6 

24.8 

86.14 

7 

25.24 

85.53 

8 

25.67 

84.93 

9 

26.1 

84.35 

10 

26.52 

83.77 

11 

26.93 

83.2 

12 

27.34 

82.64 

13 

27.74 

82.09 

14 

28.13 

81.54 

15 

28.52 

81.01 

16 

28.9 

80.48 

17 

29.28 

79.96 

18 

29.65 

79.45 

19 

30.01 

78.95 

20 

30.37 

78.45 

21 

30.73 

77.96 

22 

31.08 

77.48 

23 

31.42 

77 

24 

31.76 

76.53 

25 

32.1 

76.07 
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11-103E Oil is cooled by water in a double-pipe heat exchanger. The overall heat transfer coefficient of 
this heat exchanger is to be determined using both the LMTD and NTU methods. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The thickness 
of the tube is negligible since it is thin-walled. 

Properties The specific heats of the water and oil are given to be 1.0 and 0.525 Btu/lbm.°F, respectively. 
Analysis ( a ) The rate of heat transfer is 

Q = m h c ph (T h in _T h out ) = (5 lbm/s)(0.525 Btu/lbm.°F)(300-105°F) = 511.9 Btu/s 
The outlet temperature of the cold fluid is 

Q 5 11.9 Btu/s 


Q = m c c pc (T cout -T ri n) 


c,in 


=t + 

c,out c,in 


= 70°F 


171 C 
" L c^ pc 


The temperature differences between the two 
fluids at the two ends of the heat exchanger are 

A7\ =T h in - T c out = 300°F- 240. 6°F = 59.4°F 
A T 2 = T h out -T c in = 105°F-70°F = 35°F 

The logarithmic mean temperature difference is 

59.4-35 


(3 lbm/s)( 1 .0 Btu/lbm.°F) 

Cold Water 
70°F 
3 lbm/s 


= 240. 6°F 


A T lrn = 


at x -at 2 


= 46.1°F 


ln(Arj / A T 2 ) ln(59.4/35) 

Then the overall heat transfer coefficient becomes 

e 


Hot Oil 

300°F 
5 lbm/s 


n 


105° 


* 


Q = UA AT 


lm 


>u = 


5 11.9 Btu/s 


A,AT /m 


^(5/12m)(200ft)(46.1°F) 

( b ) The heat capacity rates of the hot and cold fluids are 

C h = m h c ph = (5 lbm/s) (0.5 25 Btu/lbm.°F) = 2.625 Btu/s. °F 

C c =m c c pc = (31bm/s)(1.0Btu/lbm.°F) = 3.0 Btu/s. °F 


= 0.0424 Btu/s.ft^.°F 


Therefore, C min = C /; = 2.625 Btu/s. °F and c- 


C 


min 


2.625 


= 0.875 


Cmax 3.0 

Then the maximum heat transfer rate becomes 

6max = C mm (T hJn - T cin ) = (2.625 Btu/s. °F)(300°F - 70°F) = 603.75 Btu/s 
The actual rate of heat transfer and the effectiveness are 

Q = C h (T hin -T hout ) = (2.625 Btu/s.°F)(300°F- 1 05 °F) =511.9 Btu/s 

Q 511.9 


8 = 


= 0.85 


0m ax 603.75 

The NTU of this heat exchanger is determined using the relation in Table 11-5 to be 


NTU = 


1 


c — 1 


In 


8-1 

8C-1 


1 


In 


0.85-1 


0.85x0.875-1 


= 4.28 


0.875-1 

V / 

The heat transfer surface area of the heat exchanger is 
A, = nDL = tt(5/ 12 ft)(200 ft) = 261.8 ft 2 

(4.28)(2.625 Btu/s.°F) 


UA. 

and NTU = 


C 


min 


NTU C min 

+ U = — 

A, 


= 0.0429 Btu/s.ft^.°F 


261.8 ft 
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11-104 Cold water is heated by hot water in a heat exchanger. The net rate of heat transfer and the heat 
transfer surface area of the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 5 The thickness of the tube is negligible. 

Properties The specific heats of the cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, 
respectively. 

Analysis The heat capacity rates of the hot and cold fluids are _ , , 

Cold Water 

C h = m h c ph = (0.25 kg/s)(4180 J/kg.°C) = 1045 W/°C 15 o C j 

C c = m c c pc = (3 kg/s)(4190 J/kg.°C) = 12,570 W/°C 0.25 kg/s 


Therefore, 


c mm = c e = 1045 W/°C 


c 

min 


1045 

12,570 


= 0.083 


Hot Water 

100°C 
3 kg/s 


Then the maximum heat transfer rate becomes 

e m ax = C min (T hjn -T c m ) = (1045 W/°C)(100°C - 15°C) = 88,825 W 
The actual rate of heat transfer is 

Q = C h (T h m - T h om ) = (1045 W/°C)(45°C - 15°C) = 31 ,350 W 

Then the effectiveness of this heat exchanger becomes 
_ Q 31,350 _ 


45 °C 


88,825 


= 0.35 


The NTU of this heat exchanger is determined using the relation in Table 11-5 to be 


1 ( e-l 

NTU = — - — In 

c — 1 sc - 1 


1 f 0.35-1 
0.083-1 I 0.35x0.083-1 


= 0.438 


Then the surface area of the heat exchanger is determined from 

NTU = > A = NTU C - = (0 - 438)(1045 W/ ° C) = 0.482 m 2 

C min U 950 W/m 2 .°C 


c 

min 


NTIJ C 

A _ 1 v 1 u ^ min 

u 
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11-105 EES Prob. 11-104 is reconsidered. The effects of the inlet temperature of hot water and the heat 
transfer coefficient on the rate of heat transfer and the surface area are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_cw_in=15 [C] 

T_cw_out=45 [C] 
m_dot_cw=0.25 [kg/s] 

C_p_cw=4.1 8 [kJ/kg-C] 

T_hw_in=100 [C] 
m_dot_hw=3 [kg/s] 

C_p_hw=4.19 [kJ/kg-C] 

U=0.95 [kW/m A 2-C] 

"ANALYSIS" 

"With EES, it is easier to solve this problem using LMTD method than NTU method. Below, 
we use LMTD method. Both methods give the same results." 

DELTAT_1 =T_hwJn-T_cw_out 
D E LT AT_2 =T_h w_o u t-T_cw_i n 

D E LTATJ m=(DE LTAT_1 - D E LTAT_2)/I n ( DELTAT_1 /DELTAT_2) 

Q_dot=U*A* D E LTATJ m 

Q_dot=m_dot_hw*C_p_hw*(T_hwJn-T_hw_out) 

Q_dot=m_dot_cw*C__p_cw*(T_cw_out-T_cw_in) 


Thw,in [C] 

Q [kW] 

A [m 2 ] 

60 

31.35 

1.25 

65 

31.35 

1.038 

70 

31.35 

0.8903 

75 

31.35 

0.7807 

80 

31.35 

0.6957 

85 

31.35 

0.6279 

90 

31.35 

0.5723 

95 

31.35 

0.5259 

100 

31.35 

0.4865 

105 

31.35 

0.4527 

110 

31.35 

0.4234 

115 

31.35 

0.3976 

120 

31.35 

0.3748 


U [kW/m 2 -C] 

Q [kW] 

A [m 2 ] 

0.75 

31.35 

0.6163 

0.8 

31.35 

0.5778 

0.85 

31.35 

0.5438 

0.9 

31.35 

0.5136 

0.95 

31.35 

0.4865 

1 

31.35 

0.4622 

1.05 

31.35 

0.4402 

1.1 

31.35 

0.4202 

1.15 

31.35 

0.4019 

1.2 

31.35 

0.3852 

1.25 

31.35 

0.3698 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


11-66 




‘<3 



0.7 0.8 


0.9 1 1.1 

U [kW/m 2 -C] 


CM 


E 

< 


1.2 1.3 
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11-106 Glycerin is heated by ethylene glycol in a heat exchanger. Mass flow rates and inlet temperatures 
are given. The rate of heat transfer and the outlet temperatures are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 5 The thickness of the tube is negligible. 

Properties The specific heats of the glycerin and ethylene glycol are given to be 2.4 and 2.5 kJ/kg.°C, 
respectively. 

Analysis (a) The heat capacity rates of the hot and cold fluids are 
C h = m h c ph = (0.3 kg/s) (2400 J/kg.°C) = 720 W/°C 


Glycerin 
20°C | 


C c = m c c pc = (0.3 kg/s) (25 00 J/kg.°C) = 750 W/°C 


0.3 kg/s 


Therefore, 

and 


C m in = C h = 720 W/°C 




C 


c = 


min 


720 


= 0.96 




Ethylene 

60°C 
0.3 kg/s 


r 750 

^ max / ~' u 

Then the maximum heat transfer rate becomes 

<2 m ax = C mm (T h in - T c m ) = (720 W/°C)(60°C - 20°C) = 28.8 kW 
The NTU of this heat exchanger is 


NTU = 


UA (380 W/m 2 .°C)(5.3m 2 ) 


C 


min 


720 W/°C 


= 2.797 


Effectiveness of this heat exchanger corresponding to c = 0.96 and NTU = 2.797 is determined using the 
proper relation in Table 11-4 

1 - exp[-AT7T/(l + c)] 1 - exp[-2. 797(1 + 0.96)] 


£ = 


= 0.508 


1 + c 1 + 0.96 

Then the actual rate of heat transfer becomes 

Q = £Q m . dX = (0.508)(28.8 kW) = 1 4.63 kW 

(b) Finally, the outlet temperatures of the cold and the hot fluid streams are determined from 

Q 14.63 kW 


Q — Cc <Tc,out T c ,in ) ' 
Q = C h (T hJn - T lhOUt ) 


-> T — T . + 

' x c,out c,in 


c. 




h,out 


= T 


Q 


h,in 


c, 


= 20°C + 


= 60°C 


0.72 kW/°C 
14.63 kW 


0.75 kW/°C 


= 40.3°C 


= 40.5°C 
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11-107 Water is heated by hot air in a cross-flow heat exchanger. Mass flow rates and inlet temperatures 
are given. The rate of heat transfer and the outlet temperatures are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 5 The thickness of the tube is negligible. 

Properties The specific heats of the water and air are given to be 4.18 and 1.01 kJ/kg.°C, respectively. 

Analysis The mass flow rates of the hot and the cold fluids are 

m c = pVA c = ( 1000 kg/m 3 )(3 m/s) [80 tt( 0. 03 m) 2 /4] = 169.6 kg/s 


P air 


P 

RT 


105 kPa 

(0.287 kPa.m 3 /kg.K) x (130 + 273 K) 


0.908 kg/m 3 


m h = pVA c = (0.908 kg/m 3 )(12m/s)(lm) 2 =10.90 kg/s 

The heat transfer surface area and the heat 
capacity rates are 

A s = nnDL = 80^(0.03 m)(lm) = 7.540 m 2 

C c = m c c pc = (169.6 kg/s)(4. 1 8 kJ/kg.°C) = 708.9 kW/°C 
C h =m h c ph = (10.9 kg/s)(1.010kJ/kg.°C) = l 1.01 kW/°C 


Hot Air 
130°C 
105 kPa 
12 m/s 


Water 



Therefore, C min =C c =11.01kW/°C and 


c = 


r 

^ min 

c 

max 


11.01 

708.9 


0.01553 


Gm ax =C min (T h , in ~T c j n ) = (1 1.01 kW/°C)(130°C - 18°C) = 1233kW 
The NTU of this heat exchanger is 

MU = = q30W/ m 2 .°C)(7.540m 2 ) = ^^3 


c 

min 


11,010 w/°c 


Noting that this heat exchanger involves mixed cross-flow, the fluid with C min is mixed, C max unmixed, 

effectiveness of this heat exchanger corresponding to c — 0.01553 and NTU =0.08903 is determined using 
the proper relation in Table 1 1-4 to be 


8 = 1- exp 


— (1 -e~ cNTU ) 
c 


1-exp 


1 


0.01553 


(l_^- 001553x0 - 08903 ) 


0.08513 


Then the actual rate of heat transfer becomes 

Q = £S max = (0.085 13)(1 233 kW) = 105.0 kW 
Finally, the outlet temperatures of the cold and the hot fluid streams are determined from 


G — C c (T c ,out T c ,in ) ' 
G = C h (T h ,in - ^ h, out ) 


-> T out =T cin + — = 18°C+ 105-0 kW = 18.15°C 

• • c„ 708.9 kW/°C 


v T — T 

h,out h,in 


Q 


c. 


= 130°C 


105.0 kW 
1 1.01 kW/°C 


= 120.5°C 
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11-108 Ethyl alcohol is heated by water in a shell-and-tube heat exchanger. The heat transfer surface area 
of the heat exchanger is to be determined using both the LMTD and NTU methods. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 

Properties The specific heats of the ethyl alcohol and water are given to be 2.67 and 4.19 kJ/kg.°C, 
respectively. 

Analysis ( a ) The temperature differences between the 
two fluids at the two ends of the heat exchanger are 


AT'i - T hin -T cout = 95°C-70°C = 25°C 

A T 2 = T hout -TV = 60°C - 25 °C = 35°C 

The logarithmic mean temperature difference and the 
correction factor are 

25-35 


Water 
95 °C 


AT 


Ar, -at 2 


Im,CF 


lnCATj / A T 2 ) ln(25/35) 


= 29.7°C 


P = 


R = 


h h_ 

T\ -t x 

h ~h 


70-25 

95-25 

95-60 


= 0.64 


= 0.78 


70°C 

Alcohol 
25°C 
2.1 kg/s 



F = 0.93 


2-shell pass 
8 tube passes 


60°C 


70-25 

The rate of heat transfer is determined from 

Q = m c c pc {T c out - T c in ) = (2.1 kg/s)(2.67 kJ/kg.°C)(70°C - 25 °C) = 252.3 kW 

The surface area of heat transfer is 


Q — UA ATim 


->A = 


Q 


252.3 kW 


UFAT lm 0.8 kW/m 2 . o C)(0.93)(29.7°C) 


= 11.4 m 


( b ) The rate of heat transfer is 

Q = m c c pc (T c out -T c in ) = (2.1 kg/s)(2.67 kJ/kg.°C)(70°C - 25°C) = 252.3 kW 
The mass flow rate of the hot fluid is 

Q 252.3 kW 


2 = m h c ph (T Kin - T h nur ) m h = 


h,out 


c ph iT hM -T hout) (4.19 kJ/kg.°C)(95°C - 60°C) 

The heat capacity rates of the hot and the cold fluids are 

c h = ™ h c ph - (1-72 kg/s)(4.19 kJ/kg.°C) = 7.21kW/°C 

C c =m c c pc = (2.1 kg/s)(2.67 kJ/kg.°C) = 5.61 kW/°C 


= 1.72 kg/s 


Therefore, C min = C r = 5.61 W/°C and c = 


C 


min 


5.61 


= 0.78 


r 7 21 

^ max ' 1 

Then the maximum heat transfer rate becomes 

Q m «,=C mm (T lhin -T cin ) = (5.61 W/°C)(95°C - 25°C) = 392.7 kW 

Q 252.3 


The effectiveness of this heat exchanger is 


s = 


= 0.64 


2 max 392.7 

The NTU of this heat exchanger corresponding to this emissivity and c - 0.78 is determined from Fig. 11- 
26d to be NTU =1.7. Then the surface area of heat exchanger is determined to be 


UA k 

NTU = 


C 


NTU C 

^ A _ ^ 1 u ^ min 


mm 


u 


(1.7)(5.61 kW/°C) 
0.8 kW/m 2 .°C 


= 11.9 m 


The small difference between the two results is due to the reading error of the chart. 
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11-109 Steam is condensed by cooling water in a shell-and-tube heat exchanger. The rate of heat transfer 
and the rate of condensation of steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 5 The thickness of the tube is negligible. 

Properties The specific heat of the water is given to be 4.18 kJ/kg.°C. The heat of condensation of steam at 
30°C is given to be 2430 kJ/kg. 

Analysis ( a ) The heat capacity rate of a fluid condensing in a heat exchanger is infinity. Therefore, 

C min =C c -m c c pc - (0.5 kg/s)(4. 18kJ/kg.°C) = 2.09 kW/°C 

and c = 0 

Then the maximum heat transfer rate becomes 


^max 


Cmin VhM - T c,in ) = (2-09 kW/°C)(30°C - 15°C) = 31.35 kW 


and 


A s = 8 n7rDL = 8x 50^(0.015 m)(2m) = 37.7 m 
The NTU of this heat exchanger 

A7T ^ ( 3 k\\7m . (') (37.7 m 2 ) 


c 

min 


2.09 kW/°C 


Then the effectiveness of this heat exchanger 
corresponding to c = 0 and NTU = 54. 1 1 is determined 
using the proper relation in Table 11-5 

8 = 1- exp(-NTU) = 1 - exp(-54. 1 1) = 1 


i 

n 


Steam 

30°C 


(£ 

(£ 

<£ 


<£ 

<£ 


Then the actual heat transfer rate becomes 


e = ^Gmax = ( 1 )(3 1 .35 kW) = 31 .35 kW 

(b) Finally, the rate of condensation of the steam is determined from 

• . 7 Q 3 1.35 kJ/s , 

Q = mh f > m = = = 0.01 29 kg/s 

18 h fg 2430 kJ/kg 


b) 

2 ) 


2 ) 


2 ) 


15°C 



Water 
1800 kg/h 
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11-110 EES Prob. 11-109 is reconsidered. The effects of the condensing steam temperature and the tube 
diameter on the rate of heat transfer and the rate of condensation of steam are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

N_pass=8 
N_tube=50 
T_steam=30 [C] 
h_fg_steam=2430 [kJ/kg] 

T_w_in=15[C] 

m_dot_w=1800/Convert(kg/s, kg/h) [kg/s] 

C_p_w=4.1 8 [kJ/kg -C] 

D=1 .5 [cm] 

L=2 [m] 

U=3 [kW/m A 2-C] 

"ANALYSIS" 

"With EES, it is easier to solve this problem using LMTD method than NTU method. Below, 
we use NTU method. Both methods give the same results." 

C_m i n = m_d ot_w*C_p_w 

c=0 "since the heat capacity rate of a fluid condensing is infinity" 
Q_dot_max=C_min*(T_steam-T_w_jn) 

A=N_pass*N_tube*pi*D*L*Convert(cm, m) 

NTU=(U*A)/C_min 

epsilon=1 -exp(-NTU) "from Table 1 1 -4 of the text with c=0" 

Q_dot=epsilon*Q_dot_max 

Q_dot=m_dot_cond*h_fg_steam 


5 

•O 


20 30 40 50 60 70 

"["steam [C] 



Tsteam 

[C] 

Q 

[kW] 

IHcond 

[kg/s] 

20 

10.45 

0.0043 

22.5 

15.68 

0.006451 

25 

20.9 

0.008601 

27.5 

26.12 

0.01075 

30 

31.35 

0.0129 

32.5 

36.58 

0.01505 

35 

41.8 

0.0172 

37.5 

47.03 

0.01935 

40 

52.25 

0.0215 

42.5 

57.47 

0.02365 

45 

62.7 

0.0258 

47.5 

67.93 

0.02795 

50 

73.15 

0.0301 

52.5 

78.38 

0.03225 

55 

83.6 

0.0344 

57.5 

88.82 

0.03655 

60 

94.05 

0.0387 

62.5 

99.27 

0.04085 

65 

104.5 

0.043 

67.5 

109.7 

0.04515 

70 

114.9 

0.0473 
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cond [kg/s] 


11-72 


D [cm] 

Q [kW] 

I^cond 

[kg/s] 

1 

31.35 

0.0129 

1.05 

31.35 

0.0129 

1.1 

31.35 

0.0129 

1.15 

31.35 

0.0129 

1.2 

31.35 

0.0129 

1.25 

31.35 

0.0129 

1.3 

31.35 

0.0129 

1.35 

31.35 

0.0129 

1.4 

31.35 

0.0129 

1.45 

31.35 

0.0129 

1.5 

31.35 

0.0129 

1.55 

31.35 

0.0129 

1.6 

31.35 

0.0129 

1.65 

31.35 

0.0129 

1.7 

31.35 

0.0129 

1.75 

31.35 

0.0129 

1.8 

31.35 

0.0129 

1.85 

31.35 

0.0129 

1.9 

31.35 

0.0129 

1.95 

31.35 

0.0129 

2 

31.35 

0.0129 



D [cm] 
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cond [^Q/s] 


11-73 


11-111 Cold water is heated by hot oil in a shell-and-tube heat exchanger. The rate of heat transfer is to be 
determined using both the LMTD and NTU methods. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 

Properties The specific heats of the water and oil are given to be 4.18 and 2.2 kJ/kg.°C, respectively. 
Analysis ( a ) The LMTD method in this case involves iterations, which involves the following steps: 

1) Choose T h out 


2) Calculate Q from Q = m h c p (T h out - T h in ) 

3) Calculate T h out from Q = m h c p (T h out -T h in ) 

4) Calculate AT lmCF 

5) Calculate Q from Q = UA s FAT lm CF 

6) Compare to the Q calculated at step 2, and repeat 
until reaching the same result 
Result: 651 kW 

(b) The heat capacity rates of the hot and the cold fluids are 
C h = m h c ph = (3 kg/s)(2.2 kJ/kg.°C) = 6.6 kW/°C 
C c = m c c pc = (3 kg/s) (4. 18 kJ/kg.°C) = 12.54 kW/°C 

C' f\ f\ 

Therefore, C min - C h = 6.6 kW/°C and c = = — = 0.53 

mm u r 1? 54 

'-'max 


Water 
14°C 
3 kg/s 


Hot oil 
200°C 
3 kg/s 



(20 tube passes) 


Then the maximum heat transfer rate becomes 


(2 max = C mm (T h ln - T c in ) = (6.6 kW/°C)(200°C - 14°C) = 1228 kW 


The NTU of this heat exchanger is 


NTU = 


UA t 


r 

^ min 


(0.3 kW/m 2 .°C) (20 m 2 ) 
6.6 kW/°C 


0.91 


Then the effectiveness of this heat exchanger corresponding to c = 0.53 and NTU = 0.91 is determined 
from Fig. 1 l-26d to be 

c = 0.53 

The actual rate of heat transfer then becomes 


Q = 6g max = (0.53)(1228 kW) = 651 kW 
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Selection of the Heat Exchangers 

11-112C 1) Calculate heat transfer rate, 2) select a suitable type of heat exchanger, 3) select a suitable type 
of cooling fluid, and its temperature range, 4) calculate or select U, and 5) calculate the size (surface area) 
of heat exchanger 


11-113C The first thing we need to do is determine the life expectancy of the system. Then we need to 
evaluate how much the larger will save in pumping cost, and compare it to the initial cost difference of the 
two units. If the larger system saves more than the cost difference in its lifetime, it should be preferred. 


11-114C In the case of automotive and aerospace industry, where weight and size considerations are 
important, and in situations where the space availability is limited, we choose the smaller heat exchanger. 


11-115 Oil is to be cooled by water in a heat exchanger. The heat transfer rating of the heat exchanger is to 
be determined and a suitable type is to be proposed. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 

Properties The specific heat of the oil is given to be 2.2 kJ/kg.°C. 

Analysis The heat transfer rate of this heat exchanger is 

Q = m c c pc (T c out - T c in ) = (13 kg/s)(2.2 kJ/kg.°C)(120°C - 50°C) = 2002 kW 

We propose a compact heat exchanger (like the car radiator) if air cooling is to be used, or a tube-and-shell 
or plate heat exchanger if water cooling is to be used. 
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3-116 Water is to be heated by steam in a shell-and-tube process heater. The number of tube passes need to 
be used is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 


Properties The specific heat of the water is given 
to be 4.19 kJ/kg.°C. 

Analysis The mass flow rate of the water is 

Q= m c C pc (T c,out ~ T c,in ) 

Q 

m = 

^ pc (T c ,out ^ c, in ) 

600 kW 

" (4. 1 9 kJ/kg.°C)(90°C - 20°C) 

= 2.046 kg/s 


The total cross-section area of the tubes 
corresponding to this mass flow rate is 


m = pVA c -A A c 


m 

~pV 


2.046 kg/s 
(1000 kg/m 3 ) (3 m/s) 




Steam 


<£ 

(£ 


<s 


(£ 

(£ 


6.82xlCT 4 m 2 


2 ) 

2) 

2 ) 


2 ) 


U 

I 


90°C 


20°C 

Water 


Then the number of tubes that need to be used becomes 

2 4 A. 


4 =n 


tcD 


->n = 


4(6.82x10^ m 2 ) 


= 8.68 s 9 


4 xD* ^-(0.01 m)" 

Therefore, we need to use at least 9 tubes entering the heat exchanger. 
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11-117 EES Prob. 1 1-1 16 is reconsidered. The number of tube passes as a function of water velocity is to 
be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

c_p_w=4.19 [kJ/kg-C] 

T_w_in=20 [C] 

T_w_out=90 [C] 

Q_dot=600 [kW] 

D=0.01 [m] 

Vel=3 [m/s] 

"PROPERTIES" 

rho=density(water, T=T_ave, P=100) 
T_ave= 1 /2 * (T_w_i n +T_w_o u t) 

"ANALYSIS" 

Q_dot=m_dot_w*c_p_w*(T_w_out-T_w_in) 

m_dot_w=rho*A_c*Vel 

A_c=N_pass*pi*D A 2/4 



Vel [m/s] 

N 

1 mass 

1 

26.42 

1.5 

17.62 

2 

13.21 

2.5 

10.57 

3 

8.808 

3.5 

7.55 

4 

6.606 

4.5 

5.872 

5 

5.285 

5.5 

4.804 

6 

4.404 

6.5 

4.065 

7 

3.775 

7.5 

3.523 

8 

3.303 
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11-118 Cooling water is used to condense the steam in a power plant. The total length of the tubes required 
in the condenser is to be determined and a suitable HX type is to be proposed. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 


Properties The specific heat of the water is given to be 4.18 
kJ/kg.°C. The heat of condensation of steam at 30°C is given to 
be 243 1 kJ/kg. 

Analysis The temperature differences between the steam and the 
water at the two ends of condenser are 


A7 i = T h,m -T c ,out = 30°C-26°C = 4°C 
A7 2 = T h, out -T c , in = 30°C - 1 8°C = 12°C 


and the logarithmic mean temperature difference is 



A T x - A T 2 
ln(A7; ! AT 2 ) 


4-12 

ln(4/12) 


7.28°C 


The heat transfer surface area is 


\ 


Steam 

30°C 


26°C 


(£ 

<£ 

<£ 

<S 


2 ) 

2 ) 

2 ) 

2 ) 


30°C 


? 


18°C 


Water 


Q — UA s A T im ^ A v 


Q 

UAT, m 


500 xlQ 6 W 

(3500 W/m 2 .°C)(7.28°C) 


1.96xl0 4 m 2 


The total length of the tubes required in this condenser then becomes 


A s = tuDL 


>L = 


A 

7lD 


1.96xl0 4 m 2 
^■(0.02 m) 


= 3.123xl0 5 m = 31 2.3 km 


A multi-pass shell-and-tube heat exchanger is suitable in this case. 
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11-119 Cold water is heated by hot water in a heat exchanger. The net rate of heat transfer and the heat 
transfer surface area of the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 


Properties The specific heats of the cold and hot water are 
given to be 4.18 and 4.19 kJ/kg.°C, respectively. 

Analysis The temperature differences between the steam and 
the water at the two ends of condenser are 

A7\ = T hm -T c out = 30°C - 26°C = 4°C 

A74 = T Kou , -T c in = 30°C-18°C = 12°C 

and the logarithmic mean temperature difference is 

4-12 


A Tim = 


ATj -AT 2 


= 7.28°C 


\n(AT { ! AT 2 ) ln(4/12) 

The heat transfer surface area is 

Q 


Q — UA AT i m 


*A S = 


50x10” W 


i 


Steam 

30°C 


Cs 


(f 


(c 


<£ 


<£ 


UAT lm (3500 W/m 2 .°C)(7.28°C) 


= 1962 m 


2) 

2 ) 

2 ) 

2 ) 


30°C 


u 

I 


26°C 


18°C 


Water 


The total length of the tubes required in this condenser then becomes 


A 1 OAO ^ 

A =nDL >L = — — = = 31,231m = 31 .23 km 

tiD ^-(0.02 m) 


A multi-pass shell-and-tube heat exchanger is suitable in this case. 
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Review Problems 


11-120 The inlet conditions of hot and cold fluid streams in a heat exchanger are given. The outlet 
temperatures of both streams are to be determined using LMTD and the effectiveness-NTU methods. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 

Properties The specific heats of hot and cold fluid streams are given to be 2.0 and 4.2 kJ/kg.°C, 
respectively. 

Analysis (a) The rate of heat transfer can be expressed as 

Q = rnc p (I T hJn - T h out ) = (2700 / 3600 kg/s)(2.0 kJ/kg.°C)(120 - T h om ) = 1 .5(120 - T houl ) 


<2 = me p (T c out - T c m ) = (1 800 / 3600 kg/s)(4.2 kJ/kg. °C ){T cout - 20) = 2A(T c out - 20) 

The heat transfer can also be expressed using the logarithmic mean temperature difference as 
A T { =T hJn -T cJn = 120°C - 20°C = 100°C 


(1) 

( 2 ) 


^2 - T h ,out T 'c out 


A T lm = 


AT x -AT 2 100 -(T htOUt -T CtOUt ) 


In 


r AT X ' 

k A T 2 J 


In 


100 


T —T 

h,out J c,out J 


120°C 
2700 kg/hj 


Q = UAAT, = 


Q 


hc,m 



AAT, 


1800 kg/h 


lm 


9 * 1 00 — (T h t — T t ) 1 00 — (T / t — T c t ) 

= (2.0kW/m 2 • C)(0.50m 2 )- ’ ’ ’ 


(3) 


r 


In 


100 


\ 


T —T 

k 1 h,out 1 c,out J 


r 


In 


100 




T —T 

k ^ h,out 1 c,out J 


Now we have three expressions for heat transfer with three unknowns: Q , T h >out , r c out . Solving them using 
an equation solver such as EES, we obtain 

Q = 59.6 kW 

T h,out = 80.3°C 
T c , out = 48.4°C 

(b) The heat capacity rates of the hot and cold fluids are 

C h =m h c ph = (2700/3600 kg/s)(2.0 kJ/kg. °C) = 1.5 kW/°C 
C c =m c c pc = (1800/3600 kg/s)(4.2 kJ/kg. °C) = 2.1 kW/°C 

Therefore 

C min =C„ =1.5 kW/°C 

which is the smaller of the two heat capacity rates. The heat capacity ratio and the NTU are 

1.5 


c = 


r 

_ min 

c 

^ max 


2.1 


= 0.714 
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NTU=™-= (2 - Qk W/m 2 •C)(0.50m 2 ) = 




min 


1.5 kW/°C 


The effectiveness of this parallel-flow heat exchanger is 

. _ 1 ~ exp[-jV7T/(l + c)] _ 1 - exp[-(0.667)(l + 0.714)] = Q ^ 

1 + c 1 + 0.714 

The maximum heat transfer rate is 

<2max = C min (T h ln - T c in ) = (1 .5 kW/°C)(120°C - 20°C) = 150 kW 
The actual heat transfer rate is 


Q = sQm ax - (0.397)(150) = 59.6kW 


Then the outlet temperatures are determined to be 


Q — C c (T c out T c in ) 


c,m 


=t 

' c,out c,in 


Q = 20°C + 59 ' 6kW 


C 


2.1kW/°C 


48.4°C 


Q~Ch(Thjn T h .out ) 


h,out 


v f —T 

~ * h,out h,in 


Q_ 

Cu 


120°C - 


59.6 kW 
1.5 kW/°C 


80.3°C 


Discussion The results obtained by two methods are same as expected. However, the effectiveness-NTU 
method is easier for this type of problems. 
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11-121 Water is used to cool a process stream in a shell and tube heat exchanger. The tube length is to be 
determined for one tube pass and four tube pass cases. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 

Properties The properties of process stream and water are given in problem statement. 

Analysis (a) The rate of heat transfer is 

Q = m h c h (T h in - T Kout ) = (47 kg/s)(3.5 kJ/kg • °C)(160 - 100)°C = 9870 kW 


The outlet temperature of water is determined from 

Q = m c c c (T cout -T cin ) 

Q 9870 kW 


T =T + 

c,out c,in 


rh„C 


= 10°C + 


c c 


(66 kg/s) (4. 1 8 kJ/kg • °C) 


= 45.8°C 


The logarithmic mean temperature difference is 

A?) =T hM -T Ct0Ut = 160°C - 45.8°C = 1 14.2°C 

A T 2 =T Kout -T c . n = 100°C - 10°C = 90°C 


A T lm = 


at x -at 2 


In 


114.2-90 


= 101. 6°C 


The Reynolds number is 

y m rii 


(47 kg/s) 


Water 

10°C 


" AT) ^ 

In 

f 114.2") 

1 160°C 




l 90 J 

1 



P A N tube p/rD 2 /4 (100X950 kg/m 3 )^(0.025 m) 2 / 4 
Rc VDp (1.008 m/s)(0.025 m)(950 kg/m 3 ) n%g 


= 1.008 m/s 




0.002 kg/m • s 


which is greater than 10,000. Therefore, we have turbulent flow. We assume fully developed flow and 
evaluate the Nusselt number from 


pr _ W_p_ _ (0.002 kg/m - s)(3500 J/kg • °C) _ 
r_ k 0.50 W/m- °C 

Nu = — = 0.023 Re' 08 Pr 0 ' 3 = 0.023(1 1,968) 0 ' 8 (14) 03 =92.9 
k 

Heat transfer coefficient on the inner surface of the tubes is 


, k Ar 0.50 W/m. C 

h: = — Nu = (92.9) 

D 0.025 m 


= 1858 W/m 2 .°C 


Disregarding the thermal resistance of the tube wall the overall heat transfer coefficient is determined from 
U = - - 1 - - = — — - — — = 1269 W/m 2 °C 
~h i Jr Y 0 1858 + 4000 

The correction factor for one shell pass and one tube pass heat exchanger is F — 1. The tube length is 
determined to be 
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Q = UAFAT hn 

9870 kW = (1.269 kW/m 2 -C)[l00;r(0.025 m)L](l)(101.6 o C) 

L = 9.75 m 

(b) For 1 shell pass and 4 tube passes, there are 100/4=25 tubes per pass and this will increase the velocity 
fourfold. We repeat the calculations for this case as follows: 

V = 4x1.008 = 4.032 m/s 

Re = 4x1 1,968 = 47,872 


M/ = — = 0.023 Re 08 Pr 03 = 0.023(47,872) 0 8 (14) 03 =281.6 
k 


k 0.50W/m.°C cznxwi 2 or 

h: = — Nu = (281.6) = 5632 W/m . C 

D 0.025 m 


U = 


1 1 

h ; 


1 


1 


= 2339 W/m -°C 


5632 4000 


The correction factor is determined from Fig. 11-18: 


P = 


R = 


h h_ 

T\ ~t\ 

r, -t. 


1 2 h 


100-160 
10-160 
10-45.8 
’ 100-160 


= 0.4 


= 0.60 


F = 0.96 


The tube length is determined to be 
Q = UAFAT lm 

9870 kW = (2.339 kW/m 2 -C)[l 00^(0.025 m)L](0.96)(101.6°C) 

L = 5.51m 
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11-122 A hydrocarbon stream is heated by a water stream in a 2-shell passes and 4-tube passes heat 
exchanger. The rate of heat transfer and the mass flow rates of both fluid streams and the fouling factor 
after usage are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 

Properties The specific heat of HC is given to be 2 kJ/kg.°C. The specific heat of water is taken to be 4.18 
kJ/kg.°C. 

Analysis (a) The logarithmic mean temperature difference for counter-flow arrangement and the correction 
factor F are 


A T x = T hm -T cout = 80°C - 50°C = 30°C 
A T 2 = T h out - T c in = 40°C - 20°C = 20°C 


Water 

80°C 


AT, 


AT x -AT 2 


30-20 


Im,CF 


\n(AT x /AT 2 ) ln(30/20) 


= 24.66°C 


p = r 2 h 


50-20 


7j t x 


R = 


80-20 
T x -T 2 80 - 40 


= 0.5 
= 1.33 


t 2 t x 


F = 0.90 (Fig. 11-18) 



50-20 

The overall heat transfer coefficient of the heat exchanger is 


40°C 


2 shell passes 
4 tube passes 


U = 


1 


1 


1 1 

h ; h n 


1 


1 


= 975.6 W/m 2 °C 


1600 2500 

The rate of heat transfer in this heat exchanger is 

Q = UA s FAT lmCP = (975.6 W/m 2 .°C)[l60;r(0.02 m)(1.5 m)](0.90)(24.66°C) = 3.265 xlO 5 W = 326.5 kW 
The mass flow rates of fluid streams are 

Q 326.5 kW 


m c = 


m l = 


c p (T out - T in ) (2.0 kJ/kg.°C)(50°C - 20°C) 


Q 


326.5 kW 


= 5.44 kg/s 


1 .95 kg/s 


c p (T in -T out ) (4. 1 8 kJ/kg.°C)(80°C - 40°C) 

(b) The rate of heat transfer in this case is 

Q = [mc p (T out - T in )] c = (5.44 kg/s)(2.0 kJ/kg.°C)(45°C - 20°C) = 272 kW 
This corresponds to a 17% decrease in heat transfer. The outlet temperature of the hot fluid is 
Q = [mc p (T in -T out )\ 

272 kW = (1.95 kg/s)(4.18 kJ/kg.°C)(80°C ~T houl ) 

T h.out = 46.6°C 


The logarithmic temperature difference is 

A7i = T h in - T C ' OUt = 80°C - 45°C = 35°C 
A T 2 = T h out -T c in = 46.6°C - 20°C = 26.6°C 
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AT; 


AT x -AT 2 


35-26.6 


lm,CF 


ln(AT, / A T 2 ) ln(35 / 26.6) 


= 30.61°C 


P = 


R = 


h. h_ 

T\ ~t\ 

T -77 


45-20 
80-20 
80-46.6 


= 0.42 


= 1.34 


1 2 h 


45-20 

The overall heat transfer coefficient is 


F = 0.97 (Fig. 11-18) 


Q - JJA S F AT lmCF 

272,000 W = U[\ 60tt( 0.02 m)(1.5 m)](0.97)(30.61°C) 

U =607.5 W/m 2 .°C 
The fouling factor is determined from 

R f =— — = — — = 6.21 x 10 4 m 2 °C/W 

' u dirty U clean 607.5 975.6 


11-123 Hot water is cooled by cold water in a 1 -shell pass and 2-tube passes heat exchanger. The mass 
flow rates of both fluid streams are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 5 There is no fouling. 

Properties The specific heats of both cold and hot water streams are taken to be 4.18 kJ/kg.°C. 

Analysis The logarithmic mean temperature difference for 
counter-flow arrangement and the correction factor F are 

A T { = T h in - T c out = 60°C - 3 1°C = 29°C 

A T 2 = T h out - T c in = 36°C-7°C = 29°C 

Since A T x = A T 2 , we have AT /m CF = 29°C 


P = 


R = 


h h_ 

T\ -t\ 

t x -t 2 

t'y — 1\ 


31-60 
7-60 
7-31 
’ 36-60 


= 0.45 


= 1.0 


36°C 

Water 

60°C 


F = 0.88 (Fig. 11-18) 



31°C 


1 shell pass 
2 tube passes 


The rate of heat transfer in this heat exchanger is 

Q = UA s FAT lmCP = (950 W/m 2 .°C)(15 m 2 )(0.88)(29°C) = 3.64xl0 5 W = 364 kW 
The mass flow rates of fluid streams are 

Q 364 kW 


m c = 


m h = 


(4. 1 8 kJ/kg.°C)(60°C - 36°C) 
364 kW 


c p {T out -T in ) 

Q 

c p (T m -T out ) (4.18 kJ/kg.°C)( 3 1 °C - 7°C) 


= 3.63 kg/s 


= 3.63 kg/s 
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11-124 Hot oil is cooled by water in a multi-pass shell-and-tube heat exchanger. The overall heat transfer 
coefficient based on the inner surface is to be determined. 

Assumptions 1 Water flow is fully developed. 2 Properties of the water are constant. 

Properties The properties of water at 25 °C are (Table A-9) 
k = 0.607 W/m.°C 


v - p! p- 0.894x 10~ 6 m 2 /s 
Pr = 6.14 

Analysis The Reynolds number is 

(3 m/s)(0.013 m) 


Re = 


V mg D 

V 


0.894 xlO -6 m 2 /s 


= 43,624 


which is greater than 10,000. Therefore, we assume fully 
developed turbulent flow, and determine Nusselt number from 


and 


=0.023 Re 08 Pr 0 ' 4 0.023(43, 624) a8 (6.14) 0 ' 4 =245 


. k . T 0.607 W/m. °C 2 oz-i 

h: = — Nu = (245) = 1 1,440 W/m 2 .°C 

D 0.013m 



The inner and the outer surface areas of the tube are 


A ; = nD'L = ;r(0.013 m)(l m) = 0.04084 m 2 

A a — 7iD Q L = ^-(0.015 m)(l m) = 0.04712 m 2 

The total thermal resistance of this heat exchanger per unit length is 

R 1 MDJDj) [ 1 

h,A t 2 7rkL h 0 A 0 

1 lnd.5/1.3) 1 

(1 1,440 W/m 2 .°C)(0.04084 m 2 ) 2^(1 10 W/m.°C)(l m) (35 W/m 2 .°C)(0.04712 m 2 ) 

= 0.609°C/W 

Then the overall heat transfer coefficient of this heat exchanger based on the inner surface becomes 

R = — >U, = — = — = 40.2 W/m 2 .°C 

U t A, RA , (0.609°C/W )(0.04084 m 2 ) 
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11-125 Hot oil is cooled by water in a multi-pass shell-and-tube heat exchanger. The overall heat transfer 
coefficient based on the inner surface is to be determined. 

Assumptions 1 Water flow is fully developed. 2 Properties of the water are constant. 

Properties The properties of water at 25 °C are (Table A-9) 
k = 0.607 W/m.°C 


v = fi/p = 0.894xl0~ 6 m 2 /s 
Pr = 6.14 

Analysis The Reynolds number is 

(3 m/s)(0.013 m) 


Re = 


V mg D 

V 


0.894 xlO -6 m 2 /s 


= 43,624 


which is greater than 10,000. Therefore, we assume fully 
developed turbulent flow, and determine Nusselt number from 


and 


Nu = 0.023 Re 08 Pr 0 ' 4 0.023(43,624) 08 (6.14) 0 ' 4 = 245 


. k . T 0.607 W/m. °C 2 oz-i 

h: = — Nu = (245) = 11,440 W/m . C 

D 0.013m 



The inner and the outer surface areas of the tube are 


A t = xD l L = ;r(0.013 m)(l m) = 0.04084 m 2 
A a — tiD a L = ^-(0.015 m)(l m) = 0.04712 m 2 

The total thermal resistance of this heat exchanger per unit length of it with a fouling factor is 
R _ 1 , 1 n(P 0 /P,.) , */.» , 1 

Ml 27lkL A o h o A o 

1 ln(1.5/1.3) 

(1 1,440 W/m 2 .°C)(0.04084 m 2 ) 2^(1 10 W/m.°C)(l m) 

0.0004 m 2 .°C/W 1 

0.04712 m 2 (35 W/m 2 .°C)(0. 04712 m 2 ) 

= 0.617°C/W 

Then the overall heat transfer coefficient of this heat exchanger based on the inner surface becomes 

R = — >U: = — = — = 39.7 W/m 2 .°C 

U t A t RA t (0.617°C/W)(0.04084m 2 ) 
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11-126 Water is heated by hot oil in a multi-pass shell-and-tube heat exchanger. The rate of heat transfer 
and the heat transfer surface area on the outer side of the tube are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 

Properties The specific heats of the water and oil are given to be 4.18 and 2.2 kJ/kg.°C, respectively. 
Analysis (a)The rate of heat transfer in this heat exchanger is 

Q = m h c ph ( T h in - T h out ) = (3 kg/s)(2.2 kJ/kg.°C)(130°C -60°C) = 462 kW 


( b ) The outlet temperature of the cold water is 


Q m c C p C (Tc,out -'Tc,m ) 


T = T + 

c,out c,in 


= 20°C + 


171 C 

pc 


The temperature differences at the two ends are 
= T h in - T com = 130°C-56.8°C = 73.2°C 
AT i = T, uout - T c in = 60°C - 20°C = 40°C 

The logarithmic mean temperature difference is 


462 kW 

(3 kg/s)(4. 1 8 kJ/kg.°C) 


Hot Oil 
130°C 
3 kg/s 


= 56.8°C 


at x -at 2 


73.2-40 


lm,CF 


ln(A T x ! AT 2 ) ln(73.2/40) 


= 54.9°C 


p=tlZ Hj 6 . 8-20 =0335 
T x -t x 130-20 
^7^ = i 30-60 =1 90 
t 2 -t x 56.8-20 


Cold Water 
20°C - 

3 kg/s 



(20 tube passes) 


F = 0.96 


60°C 


The heat transfer surface area on the outer side of the tube is then determined from 


Q = UA FAT, 


A, = 


Q _ 462 kW 

UFAT lm (0.22 kW/m 2 .°C)(0.96)(54.9°C) 


39.8 m 
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11-127E Water is heated by solar-heated hot air in a double-pipe counter- flow heat exchanger. The 
required length of the tube is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 

Properties The specific heats of the water and air are given to be 1.0 and 0.24 Btu/lbm.°F, respectively. 
Analysis The rate of heat transfer in this heat exchanger is 

Q = m h c ph (T h in ~T h out ) = (0.7 lbm/s)(0.24 Btu/lbm. o F)(190°F-135°F) = 9.24 Btu/s 


The outlet temperature of the cold water is 


Q ^c^pc^c,out r ^'c,in ) >Tc,ut ^ c.in • 


Q 


c,out c,in 


m c c pc 


= 70°F + 


9.24 Btu/s 


(0.35 lbm/ s) ( 1 . 0 B tu/lbm.°F) 


= 96.4°F 


The temperature differences at the two ends are 
AT, =T hin -T cout = 190°F-96.4°F = 93.6°F 
A T 2 = T hout -T cin = 135°F-70°F = 65°F 


The logarithmic mean temperature difference is 


AT X -AT 2 _ 93.6-65 
ln(ATj / A T 2 ) ~ ln(93.6/65) 


78.43°F 


The heat transfer surface area on the outer side of the 
tube is determined from 


Hot Air 

190°F 
0.7 lbm/s 



* 


Cold Water 
70°F I 
0.35 lbm/s T 



135°F 


Q - UA s ATim > A s 


Q 

UAT lm 


9.24 Btu/s 

(20 / 3600 Btu/s.ft 2 .°F)(78.43°F) 


21.21ft 2 


Then the length of the tube required becomes 

A = nDL = ^ = — = 162.0 ft 

5 kD ^-(0.5 /12 ft) 


11-128 It is to be shown that when A T x = A T 2 for a heat exchanger, the A T Xm relation reduces to A7 lm = A T x 
= AT 2 . 

Analysis When A T x = A T 2 , we obtain 
AT A7,-A7 2 0 

lm ln(Ar,/Ar 2 ) 0 

This case can be handled by applying L'Hospital's rule (taking derivatives of nominator and denominator 
separately with respect to A T x or AT 2 ). That is, 


d (AT X - AT 2 ) / <7Ar, 1 ^ =Ar 

d[\n( A r, / AT 2 )] / c/AF, 1 / AT", 1 2 
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11-129 Refrigerant- 1 34a is condensed by air in the condenser of a room air conditioner. The heat transfer 
area on the refrigerant side is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall 
heat transfer coefficient is constant and uniform. 


Properties The specific heat of air is given to be 1.005 kJ/kg.°C. 
Analysis The temperature differences at the two ends are 


R-134a 

40°C 


AT, = T h ln - T c out = 40°C - 35°C = 5°C 
A T 2 = T h out - T c in = 40°C - 25 °C = 15°C 


The logarithmic mean temperature difference is 


A T lm = 


at x -at 2 

ln(A7i / A T 2 ) 


5-15 
ln(5 / 15) 


= 9.1°C 


The heat transfer surface area on the outer side of 
the tube is determined from 



35°C 


Q = UA s AT, m >A. S 


Q 

UAT lm 


(15,000/ 3600) kW 
(0.150 kW/m 2 . 0 C)(9.1°C) 


= 3.05 m 2 


11-130 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer is to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.1 kJ/kg.°C, 
respectively. 

Analysis The rate of heat transfer is simply 

Q = [mc p (T m - T out )] gas = (0.65 kg/s)(l.l kJ/kg.°C)(180°C -95°C) = 60.8 kW 
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11-131 A water-to- water heat exchanger is proposed to preheat the incoming cold water by the drained hot 
water in a plant to save energy. The heat transfer rating of the heat exchanger and the amount of money this 
heat exchanger will save are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 


Properties The specific heat of the hot water is given to be 4.18 kJ/kg.°C. 
Analysis The maximum rate of heat transfer is 


2max “ ™h C ph 'h,in ? c,in ) 

= (8/60 kg/s)(4. 18 kJ/kg.°C)(60°C - 14°C) 

= 25.6 kW 

Noting that the heat exchanger will recover 72% 
of it, the actual heat transfer rate becomes 

Q = eQ m . dX = (0.72)(25.6 kJ/s) = 18.43 kW 


Hot water 



* 


Cold Water i 
14°C t 



which is the heat transfer rating. The operating hours per year are 

The annual operating hours = (8 h/day)(5 days/week)(52 week/year) = 2080 h/year 
The energy saved during the entire year will be 

Energy saved = (heat transfer rate) (operating time) 

= (18.43 kJ/s)(2080 h/year)(3600 s/h) 

= 1. 38x10** kJ/year 

Then amount of fuel and money saved will be 

_ , , Energy saved 1.38 xlO 8 kJ/year ( 1 therm 

Fuel saved = = 

Furnace efficiency 0.78 (1 05,500 kJ 

= 1677 therms/year 


Money saved = (fuel saved)(the price of fuel) 

= (1677 therms/year)($ 1.00/therm) = $1 677/year 
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11-132 A shell-and-tube heat exchanger is used to heat water with geothermal steam condensing. The rate 
of heat transfer, the rate of condensation of steam, and the overall heat transfer coefficient are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 

Properties The heat of vaporization of geothermal water at 120°C is given to be hj g = 2203 kJ/kg and 
specific heat of water is given to be c p = 4180 J/kg.°C. 

Analysis (a) The outlet temperature of the water is 
L out = T’h.out - 46 = 120°C - 46°C = 74°C 
Then the rate of heat transfer becomes 
Q — [me p (T out — T m )] water 
= (3.9 kg/s) (4. 1 8 kJ/kg. °C)(74°C - 22°C) 

= 847.7 kW 

( b ) The rate of condensation of steam is determined from 

Q = ( rhhf g ) geothermal 
steam 

847.7 kW = m(2203 kJ/kg) > m = 0.385 kg/s 

(c) The heat transfer area is 

A,- = nxDiL = 14^(0.024 m)(3.2 m) = 3.378 m 2 
The logarithmic mean temperature difference for counter-flow arrangement and the correction factor F are 
AT, = T h m -T coat = 120°C-74°C = 46°C 
A T 2 = r h out -T c m = 120°C - 22°C = 98°C 


* Steam 
120°C 

n 

(^= 


14 tubes 


2) 

2 ) 

2 ) 

2) 


120°C 


u 

* 


22°C 

Water 
3.9 kg/s 


AT 


AT, -A T 2 


46-98 


lm,CF 


ln(A T, /A T 2 ) ln(46/98) 


= 68.8°C 


P = 


R = 


h h_ 

T, -t, 

T -Tr 


74-22 
120-22 
120-120 


= 0.53 


= 0 


F = 1 


t 2 ~t i 74-22 
Then the overall heat transfer coefficient is determined to be 

Q 847,700 W 


Q = U i A i FAT ]mtCP 


±U S = 


A i F Ar lm _ CF (3.378 m 2 )(1)(68.8°C) 


3650 W/m.C 
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11-133 Water is heated by geothermal water in a double-pipe counter- flow heat exchanger. The mass flow 
rate of the geothermal water and the outlet temperatures of both fluids are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 

Properties The specific heats of the geothermal water and the cold water are given to be 4.25 and 4.18 
kJ/kg.°C, respectively. 

Analysis The heat capacity rates of the hot and cold fluids are 
c h = ™h c P h = m h ( 4 -25 kJ/kg.°C) = 4.25 m h 
C c =m c c pc = (1.2kg/s)(4.18 kJ/kg.°C) = 5.016 kW/°C 


Cold Water 
17°C 


C min =C c = 5.016 kW/°C 


and 


c = 


r 

min 


5.016 1.1802 


C 


max 


4.25 m, 


m, 


Geothermal 

water 

75°C 


1.2 kg/s 


* 


The NTU of this heat exchanger is 


UA„ 

NTU = 


(0.480 kW/m 2 .°C)(25 m z ) 
5.016 kW/°C 


c 

mm 


= 2.392 


* 


Using the effectiveness relation, we find the capacity ratio 


s = 


1 - exp[-NTU (1 - c) 


->0.823 = 


1 - ex p[— 2.392(1 — c)] 


1-cex p[- NTU(1 — c)] 1 — cexp[— 2.392(1 — c)] 

Then the mass flow rate of geothermal water is determined from 


> c = 0.494 


1.1802 


c = 


>•0.494 = 


1.1802 


-> m / = 2.39 kg/s 


m h m h 


The maximum heat transfer rate is 

<2max = C min (T hin - T c m ) = (5.016 kW/°C)(75°C - 17°C) = 290.9 kW 
Then the actual rate of heat transfer rate becomes 


Q = 8Q max = (0.823)(290.9 kW) = 239.4 kW 
The outlet temperatures of the geothermal and cold waters are determined to be 

Q = C c (T coul -T cM ) > 239.4 kW = (5.016 kW/°C)(r CiOUt -17) >T CtOUt =64.7°C 

Q — ™h c ph (^h,in — ^h,out ) 

239.4 kW = (2.39 kg/ s)(4.25 kJ/kg.°C)(7 5 - T hout ) >T h?0Ut =51.4°C 
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11-134 Air is to be heated by hot oil in a cross-flow heat exchanger with both fluids unmixed. The 
effectiveness of the heat exchanger, the mass flow rate of the cold fluid, and the rate of heat transfer are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 


Properties The specific heats of the air and the oil are given to be 1.006 and 2.15 kJ/kg.°C, respectively. 
Analysis ( a ) The heat capacity rates of the hot and cold fluids are 

C h = m h c ph = 0.5m c (2.15 kJ/kg.°C) = 1.075m c Oil 

C, = m c c pc = m c (1.006 kJ/kg.°C) = 1 .006m c \ 8 °° C 


Therefore, 
and c = 


C min = C r = 1-006^ 

C^.LODfa,,, = 0936 

C max l-075w c 


The effectiveness of the heat exchanger is determined from 

Q C c (T c ,out-T c , [n ) 58-18 nc ._ 

s = — = = = 0.645 

£2 max C c (T Wm -T CAn ) 80-18 



58°C 


(b) The NTU of this heat exchanger is expressed as 


NTU = 


UA. 


r 

min 


(0.750 kW/°C) 
1 .006m c 


0.7455 

m c 


The NTU of this heat exchanger can also be determined from 

ln[c ln(l - s) + 1] _ ln[0.936 x ln(l - 0.645) + 1] 

~ c “ 0.936 


3.724 


Then the mass flow rate of the air is determined to be 


NTU = 


UA s (0.750 kW/°C) 

>3.724 = 

C nlin 1.006m c 


> m c = 0.20 kg/s 


(c) The rate of heat transfer is determined from 

Q = m c c pc (T coni ~T cin ) = (0.20 kg/s)( 1.006 kJ/kg.°C)(58 -18)°C = 8.05 kW 
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11-135 A water-to- water counter- flow heat exchanger is considered. The outlet temperature of the cold 
water, the effectiveness of the heat exchanger, the mass flow rate of the cold water, and the heat transfer 
rate are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat 
transfer coefficient is constant and uniform. 

Properties The specific heats of both the cold and the hot water are given to be 4.18 kJ/kg.°C. 

Analysis ( a ) The heat capacity rates of the hot and cold fluids are 
C h = m h c ph = 1 .5m c (4.18 kJ/kg.°C) = 6.27 m c 
C c = m c c pc = m c (4.18 kJ/kg.°C) = 4.18m c 

Therefore, C min = C c = 4. 1 8 m c 


Cold 

Water 

20°C 


* 


Hot water 


and 


r 

q _ v -'min 


4.18 m, 


95°C I 


= 0.667 


3 


I 


c max 6 -27 rn c 

The rate of heat transfer can be expressed as 

<2 = C c (T c oat - r c in ) = (4.18m e )(T c out - 20) 

<2 = C h (7, ,,, - r h out ) = (6.27 m c )[95 - (T coui +15)]= (6.27 m c )(80 - T c out ) 

Setting the above two equations equal to each other we obtain the outlet temperature of the cold water 


Q = 4.18 m c (T coul - 20) = 6.27 m c (80 - T c out ) > 7’ c out 

( b ) The effectiveness of the heat exchanger is determined from 
Q C c (T C ' OUt -T cM ) 4.18m c (56-20) 


56 °C 


s = 


Q mm C c (T hin -T cin ) 4.18m c (95-20) 
(c) The NTU of this heat exchanger is determined from 


0.48 


NTU=— \n 6 1 


c — 1 


sc - 1 


1 


In 


0.48-1 


0.48x0.667-1 


= 0.805 


0.667-1 

Then, from the definition of NTU, we obtain the mass flow rate of the cold fluid: 

1.400 kW/°C 


UA S 

NTU = - 


*0.805 = 


* m c =0.416kg/s 


Cmin 4.18 m c 

( d) The rate of heat transfer is determined from 

Q = m c c pc (T cout -T cin ) = (0.416 kg/s)(4.18 kJ/kg.°C)(56 - 20)°C = 62.6 kW 
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11-136 Oil is cooled by water in a 2-shell passes and 4-tube passes heat exchanger. The mass flow rate of 
water and the surface area are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 5 There is no fouling. 

Properties The specific heat of oil is given to be 2 kJ/kg.°C. The specific heat of water is taken to be 4.18 
kJ/kg.°C. 

Analysis The logarithmic mean temperature difference for 
counter-flow arrangement and the correction factor F are 

ATj = T hin -T cout = 125°C-46°C = 79°C 

A T 2 = T h out - T c m = 55°C - 25 °C = 30°C 


A T 


A r, - A t 2 


79-30 


lm,CF 


\n(AT x / A T 2 ) ln(79/30) 


= 50.61°C 


P = 


h h_ 

T x -t x 


55-125 


R = 


Tx-Ti 

t 2 ~t x 


25-125 

25-46 


= 0.7 



46°C 


>F = 0.97 (Fig. 11-18) 

= 0.3 

55-125 
The rate of heat transfer is 

Q = m h c h (T hM - T h out ) = (10 kg/s)(2.0 kJ/kg • °C)(125 - 55)°C = 1400 kW 


2 shell passes 
4 tube passes 


The mass flow rate of water is 


171 — 


Q 


1400 kW 


c p {T out - T m ) (4.18 kJ/kg. 0 C)(46°C -25°C) 


= 15.9 kg/s 


The surface area of the heat exchanger is determined to be 
Q = UAFAT lm 

1400 kW = (0.9 kW/m 2 -C)A S (0.97)(50.61°C) 

4 =31 .7 m 2 
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11-137 A polymer solution is heated by ethylene glycol in a parallel-flow heat exchanger. The rate of heat 
transfer, the outlet temperature of polymer solution, and the mass flow rate of ethylene glycol are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 5 There is no fouling. 


Properties The specific heats of polymer and ethylene glycol are given to be 2.0 and 2.5 kJ/kg.°C, 
respectively. 


Analysis (a) The logarithmic mean temperature 
difference is 


A T x = T h ln - T cm = 60°C - 20°C = 40°C 
AT 2 = T h out - T c out = 15°C 


AT ATj-AT, = 40-15 

lm,PF \n{AT x /AT 2 ) ln(40/15) 
The rate of heat transfer in this heat exchanger is 


25.49°C 


Polymer 

20°C 


0.3 kg/s 


F 



t ethylene 
60°C 


Q = UA s AT lm = (240 W/m 2 .°C)(0.8 m 2 )(25.49°C) = 4894 W 


(b) The outlet temperatures of both fluids are 


Q = m c c c (T CJJUt - T cjr ) T r _ nul = T cAn + - 


Q 


c,out c,in 


m c c c 


= 20°C + 


4894 W 


(0.3 kg/s)(2000 J/kg • °C) 


= 28.2°C 


T Ko ut = W out +T c , out = 15°C + 28.2°C = 43.2°C 
(c) The mass flow rate of ethylene glycol is determined from 

Q 4894 W 


m ethylene 


c p ( T out - T in ) (2500 kJ/kg.°C)(60°C - 43.2°C) 


0.1 17 kg/s 
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11-138 The inlet and exit temperatures and the volume flow rates of hot and cold fluids in a heat exchanger 
are given. The rate of heat transfer to the cold water, the overall heat transfer coefficient, the fraction of 
heat loss, the heat transfer efficiency, the effectiveness, and the NTU of the heat exchanger are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies of fluid 
streams are negligible. 3 Fluid properties are constant. 

Properties The densities of hot water and cold water at the average temperatures of (38.9+27.0)/2 = 33.0°C 
and (14.3+1 9. 8)/2 = 17.1°C are 994.8 and 998.6 kg/m 3 , respectively. The specific heat at the average 
temperature is 4178 J/kg.°C for hot water and 4184 J/kg.°C for cold water (Table A-9). 

Analysis (a) The mass flow rates are 

m h = p h 0 h = (994.8 kg/m 3 )(0.0025/60 m 3 /s) = 0.04145 kg/s 

m c = p,V c = (998.6 kg/m 3 )(0.0045/60m 3 /s) = 0.07490 kg/s 
The rates of heat transfer from the hot water and to the cold water are 

Q h = [me p (T in -T out )] h = (0.04145 kg/s)(4178 kJ/kg.°C)(38.9°C-27.0°C) = 2061 W 

Q c =[mc p (T out -T in )] c = (0.07490 kg/s)(4184 kJ/kg.°C)(19.8°C-14.3°C) = 1724 W 
(b) The logarithmic mean temperature difference and the overall heat transfer coefficient are 


A7\ =T hM = 38.9°C-19.8°C = 19.1°C 

A7- 2 =T Kout -T cM = 27.0°C - 14.3°C = 12.7°C 


A T lm = 


AT, - AY 2 


r AT, A 


19.1-12.7 


In 


AT 


In 


r i9.e 

12.7 


= 15.68°C 


n 


U = 


Q 


he, m 


2 J 

(1724 + 2061) /2W 


A AT, 


3017 W/m 2 C 


bn (0.04 m )(15.68°C) 

Note that we used the average of two heat 
transfer rates in calculations. 

(c) The fraction of heat loss and the heat transfer efficiency are 


19.8°C 

Cold 
water ' 
14.3°C 


Hot 

water 

38.9°C 


% 


floss 


71 = 


Q h ~Q r 2061-1724 


27.0°C 


u 

i 


Qh 

Qc _ 1724 
Q h 2061 


2061 


= 0.164 = 16.4% 


= 0.836 = 83.6% 


(d) The heat capacity rates of the hot and cold fluids are 

C h = m h c ph = (0.04145 kg/s)(4178 kJ/kg.°C) = 173.2 W/°C 

C c =m c c pc = (0.07490 kg/s)(41 84 kJ/kg.°C) = 313.4 W/°C 

Therefore 

C min = C h = 173.2 W/°C 

which is the smaller of the two heat capacity rates. Then the maximum heat transfer rate becomes 


Q 


max =C mia (T h , in ~T cin ) = (173.2 W/°C)(38.9 0 C-14.3°C) = 4261 W 


The effectiveness of the heat exchanger is 
Q (1724 + 2061)/2kW 


£ = 


Q 


max 


426 lkW 


= 0.444 = 44.4% 


One again we used the average heat transfer rate. We could have used the smaller or greater heat transfer 
rates in calculations. The NTU of the heat exchanger is determined from 

UA 


NTU = 


C 


min 


(3017 W/m 2 • 0(0.04 m 2 ) 
173.2 W/°C 


0.697 
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Fundamentals of Engineering (FE) Exam Problems 

11-139 Hot water coming from the engine is to be cooled by ambient air in a car radiator. The aluminum 
tubes in which the water flows have a diameter of 4 cm and negligible thickness. Fins are attached on the 
outer surface of the tubes in order to increase the heat transfer surface area on the air side. The heat transfer 
coefficients on the inner and outer surfaces are 2000 and 150 W/m -°C, respectively. If the effective surface 
area on the finned side is 10 times the inner surface area, the overall heat transfer coefficient of this heat 
exchanger based on the inner surface area is 

(a) 150 W/m 2 -°C (b) 857 W/m 2 -°C (c) 1075 W/m 2 -°C (d) 2000 W/m 2 -°C (e) 2150 W/m 2 -°C 

Answer (b) 857 W/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.04 [m] 

h i=2000 [W/m A 2-C] 

h_o=150 [W/m A 2-C] 

A i=1 [m A 2] 

A_o=10 [m A 2] 

1/(UJ*A_i)=1/(h_i*A_i)+1/(h_o*A_o) "Wall resistance is negligible" 

"Some Wrong Solutions with Common Mistakes" 

W 1 _U i = h i "Using h_i as the answer" 

W2_U_o=h_o "Using h_o as the answer" 

W3_U_o=1/2*(h_i+h_o) "Using the average of hj and h_o as the answer" 


11-140 A double-pipe heat exchanger is used to heat cold tap water with hot geothermal brine. Hot 
geothermal brine (c p = 4.25 kJ/kg °C) enters the tube at 95°C at a rate of 2.8 kg/s and leaves at 60°C. The 
heat exchanger is not well insulated and it is estimated that 5 percent of the heat given up by the hot fluid is 
lost from the heat exchanger. If the total thermal resistance of the heat exchanger is calculated to be 
0.12°C/kW, the temperature difference between the hot and cold fluid is 

(a) 32.5°C (b)35.0°C (c) 45.0°C (d)47.5°C (e) 50.0°C 

Answer (d) 47.5°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_h_in=95 [C] 

T_h_out=60 [C] 
m_dot_h=2.8 [kg/s] 
c_p_h=4.25 [kJ/kg-C] 
f=0.05 

R=0.1 2 [C/kW] 

Q_dot_h=m_dot_h*c_p_h*(T_h_in-T_h_out) "Heat given up by the hot fluid" 
Q_dot_c=(1-f)*Q_dot_h "Heat picked up by the cold fluid" 

Q_dot_c= D ELTAT/R 

"Some Wrong Solutions with Common Mistakes" 

Q_dot_h=W1_DELTAT/R "Using heat given up by the hot fluid in the equation" 
W2_DELTAT=T_h_in-T_h_out "Finding temperature decrease of the hot fluid" 
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11-141 Consider a double-pipe heat exchanger with a tube diameter of 10 cm and negligible tube thickness. 
The total thermal resistance of the heat exchanger was calculated to be 0.025 °CAV when it was first 
constructed. After some prolonged use, fouling occurs at both the inner and outer surfaces with the fouling 
factors 0.00045 m 2 -°C/W and 0.00015 m 2 -°C/W, respectively. The percentage decrease in the rate of heat 
transfer in this heat exchanger due to fouling is 

(a) 2.3% (b) 6.8% (c) 7.1% (d) 7.6% (e) 8.5% 

Answer (c)7.1% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.1 0 [m] 

R_old=0.025 [C/W] 

R_fJ=0. 00045 [m A 2-C/W] 

R_f_o=0.0001 5 [m A 2-C/W] 

L=1 [m] "Consider a unit length" 

A=pi*D*L 

R_f o u I i ng = R_f_i/A+ R_f_o/ A 

R_new=R_old+R_fouling 

U_old=1/(R_old*A) 

U_n e w= 1 /( R_n e w* A) 

PercentDecrease=(U_old-U_new)/U_old*Convert(, %) 

"Some Wrong Solutions with Common Mistakes" 

W1_PercentDecrease=R_fouling/R_old*Convert(, %) "Comparing fouling resistance to old 
resistance" 

W2_R_fouling=R_f_i+R_f_o "Treating fouling factors as fouling resistances" 

W2_R_n e w= R_o I d+ W 2_R_f o u I i n g 
W2_U_new= 1 /(W2_R_new* A) 

W2_PercentDecrease=(U_old-W2_U_new)/U_old*Convert(, %) 


11-142 Saturated water vapor at 40°C is to be condensed as it flows through the tubes of an air-cooled 
condenser at a rate of 0.2 kg/s. The condensate leaves the tubes as a saturated liquid at 40°C. The rate of 
heat transfer to air is 

(a) 34 kJ/s (b) 268 kJ/s (c) 453 kJ/s (d) 481 kJ/s (e)515kJ/s 

Answer (d) 481 kJ/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T1=40 [C] 
m_dot=0.2 [kg/s] 

h_f=ENTHALPY(Steam_IAPWS,T=T1 ,x=0) 

h_g=ENTHALPY(Steam_IAPWS,T=T1 ,x=1 ) 

h_fg=h_g-h_f 

Q_dot=m_dot*h_fg 

"Wrong Solutions:" 

W1 _Q=m_dot*h_f "Using hf" 

W2_Q=m_dot*h_g "Using hg" 

W3_Q=h_fg "not using mass flow rate" 

W4_Q= m_dot* ( h_f+ h_g ) "Adding hf and hg" 
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11-143 A heat exchanger is used to condense steam coming off the turbine of a steam power plant by 
cold water from a nearby lake. The cold water (c p = 4.18 kJ/kg-°C) enters the condenser at 16°C at a 
rate of 20 kg/s and leaves at 25°C while the steam condenses at 45°C. The condenser is not insulated 
and it is estimated that heat at a rate of 8 kW is lost from the condenser to the surrounding air. The 
rate at which the steam condenses is 

(a) 0.282 kg/s (b) 0.290 kg/s (c) 0.305 kg/s (d) 0.314 kg/s (e) 0.318 kg/s 

Answer (e) 0.318 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_c_in=16 [C] 

T_c_out=25 [C] 
m_dot_c=20 [kg/s] 
c_p_c=4.18 [kJ/kg-C] 

T_h=45 [C] 

Q_dot_lost=8 [kW] 

Q_dot_c=m_dot_c*c_p_c*(T_c_out-T_c_in) "Heat picked up by the cold fluid" 
Q_dot_h=Q_dot_c+Q_dot_lost "Heat given up by the hot fluid" 
h_fg=2395 [kJ/kg] "Table A-9" 
m_dot_cond=Q_dot_h/h_fg 

"Some Wrong Solutions with Common Mistakes" 

W1_m_dot_cond=Q_dot_c/h_fg "Ignoring heat loss from the heat exchanger" 


11-144 A counter-flow heat exchanger is used to cool oil (c p = 2.20 kJ/kg-°C) from 1 10°C to 85°C at a rate 
of 0.75 kg/s by cold water (c p = 4.18 kJ/kg-°C) that enters the heat exchanger at 20°C at a rate of 0.6 kg/s. If 
the overall heat transfer coefficient is 800 W/m“-°C, the heat transfer area of the heat exchanger is 
(a) 0.745 m 2 (b) 0.760 m 2 (c) 0.775 m 2 (d) 0.790 m 2 (e) 0.805 m 2 

Answer (a) 0.745 m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_h_in=1 1 0 [C] 

T_h_out=85 [C] 
m_dot_h=0.75 [kg/s] 
c_p_h=2.20 [kJ/kg-C] 

T_c_in=20 [C] 
m_dot_c=0.6 [kg/s] 
c_p_c=4.18 [kJ/kg-C] 

U=0.800 [kW/m A 2-C] 

Q_dot= m_d ot_h *c_p_h * (T_h _i n -T_h_o u t) 
Q_dot=m_dot_c*c_p_c*(T_c_out-T_c_in) 

DELTAT1 =T_h_in-T c_out 
D E LTAT2 =T_h_o ut-T_c_i n 

DELTATJm=(DELTAT 1-DELTAT_2)/ln(DELTAT_1/DELTAT_2) 
Q dot=U*A s*DELTAT Im 
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11-145 In a parallel-flow, liquid-to-liquid heat exchanger, the inlet and outlet temperatures of the hot fluid 
are 150°C and 90°C while that of the cold fluid are 30°C and 70°C, respectively. For the same overall heat 
transfer coefficient, the percentage decrease in the surface area of the heat exchanger if counter-flow 
arrangement is used is 

(a) 3.9% (b) 9.7% (c) 14.5% (d) 19.7% (e) 24.6% 

Answer (e) 24.6% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_h_in=150 [C] 

T_h_out=90 [C] 

T_c_in=30 [C] 

T_c_out=70 [C] 

"Parallel flow arrangement" 

D E LTAT1 _p=T_h_i n -T_c_i n 
DELT AT_2_p=T_h_out-T_c_out 

D E LT ATJ m_p= ( D E LT AT_1 _p- D E LT AT_2_p)/l n ( D E LT AT_1 _p/D E LT AT_2_p) 

"Counter flow arrangement" 

D E LT AT_1 _c=T_h_i n -T_c_o ut 
D E LT AT_2_c=T_h_out-T_c _i n 

DELT ATI m_c= ( D E LT AT_1 _c- D E LT AT_2_c)/l n ( D E LT AT_1 _c/D E LT AT_2_c) 
PercentDecrease=(DELTATJm_c-DELTATJm_p)/DELTATJm_p*Convert(, %) 

"From Q_dot = U*A_s *DELTAT_lm, for the same Q_dot and U, DELTATJm and A_s are inversely 
proportional." 

"Some Wrong Solutions with Common Mistakes" 

W_PercentDecrease=(DELTAT lm_c-DELTAT_lm_p)/DELTAT lm_c*Convert(, %) "Dividing the difference 
by DELTAT_lm_c " 


11-146 A heat exchanger is used to heat cold water entering at 8°C at a rate of 1.2 kg/s by hot air entering 
at 90°C at rate of 2.5 kg/s. The highest rate of heat transfer in the heat exchanger is 

(a) 205 kW (b) 411 kW (c) 311 kW (d) 1 14 kW (e) 78 kW 

Answer (d) 205 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

cp_c=4.18 [kJ/kg-C] 
cp_h=1 .0 [kJ/kg-C] 

Tc_in=8 [C] 

Th_in=90 [C] 
m_c=1 .2 [kg/s] 
m_h=2.5 [kg/s] 

"From Q_max relation, Q_max=C_min(Th,in-Tc,in)" 

Cc=m_c*cp_c 
Ch=m_h*cp_h 
C_min=min(Cc, Ch) 

Q_max=C_min*(Th_in-Tc_in) 

"Some Wrong Solutions with Common Mistakes:" 

C_max=max(Cc, Ch) 

W1 Q_max=C_max*(Th_in-TcJn) "Using Cmax" 
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11-147 Cold water (c p = 4.18 kJ/kg-°C) enters a heat exchanger at 15°C at a rate of 0.5 kg/s where it is 
heated by hot air (c p =1.0 kJ/kg-°C) that enters the heat exchanger at 50°C at a rate of 1.8 kg/s. The 
maximum possible heat transfer rate in this heat exchanger is 

(a) 51.1 kW (b) 63.0 kW (c) 66.8 kW (d) 73.2 kW (e) 80.0 kW 

Answer (b) 63.0 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_c_in=15 [C] 
m_dot_c=0.5 [kg/s] 
cjd_c=4.18 [kJ/kg-C] 

T_h_in=50 [C] 
m_dot_h=1 .8 [kg/s] 
c_p_h=1 .0 [kJ/kg-C] 

C_c= m_dot_c*c_p_c 
C_h=m_dot_h*c_p_h 
C_min=min(C_c, C_h) 

Q_dot_m ax=C_m i n * (T h i n -T_c_i n ) 

"Some Wrong Solutions with Common Mistakes" 

W1_C_min=C_c "Using the greater heat capacity in the equation" 
W 1 _Q_dot_m ax= W 1 _C_m i n * (T_h_i n -T_c_i n) 


11-148 Cold water (c p = 4.18 kJ/kg-°C) enters a counter-flow heat exchanger at 10°C at a rate of 0.35 kg/s 
where it is heated by hot air (c p =1.0 kJ/kg-°C) that enters the heat exchanger at 50°C at a rate of 1.9 kg/s 
and leaves at 25°C. The effectiveness of this heat exchanger is 

(a) 0.50 (b) 0.63 (c) 0.72 (d) 0.81 (e) 0.89 

Answer (d) 0.81 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_c_in=10 [C] 
m_dot_c=0.35 [kg/s] 
c_p_c=4.18 [kJ/kg-C] 

T_h_in=50 [C] 

T_h_out=25 [C] 
m_dot_h=1.9 [kg/s] 
c_p_h=1 .0 [kJ/kg-C] 

C_c= m_dot_c*c_p_c 
C_h=m_dot_h*c_p_h 
C_min=min(C_c, C_h) 

Q_dot_m ax=C_m i n * (T h i n -T_c_i n ) 

Q_dot=m_dot_h*c_p_h*(T_h_in-T_h_out) 
eps i I o n = Q_d ot/Q_dot_m ax 

"Some Wrong Solutions with Common Mistakes" 

W1_C_min=C_h "Using the greater heat capacity in the equation" 

W 1 _Q_dot_m ax= W 1 _C_m i n * (T_h_i n -T_c_i n) 

W1_epsilon=Q_dot/W1_Q_dot_max 
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11-149 Hot oil ( c p = 2.1 kJ/kg-°C) at 1 10°C and 8 kg/s is to be cooled in a heat exchanger by cold water (c p 
= 4.18 kJ/kg-°C) entering at 10°C and at a rate of 2 kg/s. The lowest temperature that oil can be cooled in 
this heat exchanger is 

(a) 10.0°C (b) 33.5°C (c)46.1°C (d) 60.2°C (e)71.4°C 

Answer (d) 60.2°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

cp_c=4.18 [kJ/kg-C] 
cp_h=2.1 [kJ/kg-C] 

Tc_in=10 [C] 

Th_in=1 10 [C] 
m_c=2 [kg/s] 
m_h=8 [kg/s] 

"From Q_max relation, Q_max=C_min(Th,in-Tc,in)" 

Cc=m_c*cp_c 
Ch=m_h*cp_h 
C_min=min(Cc, Ch) 

Q_max=C_min*(Th_in-Tc_in) 

Q_max=Ch*(Th_in-Th_out) 

“Some Wrong Solutions with Common Mistakes:” 

C_max=max(Cc, Ch) 

W1Q_max=C_max*(Th_in-Tc_in) “Using Cmax” 

W1 Q_max=Ch*(Th_in-W1 Th_out) 


11-150 Cold water (c p = 4.18 kJ/kg-°C) enters a counter-flow heat exchanger at 18°C at a rate of 0.7 kg/s 
where it is heated by hot air (c p =1.0 kJ/kg-°C) that enters the heat exchanger at 50°C at a rate of 1.6 kg/s 
and leaves at 25°C. The maximum possible outlet temperature of the cold water is 

(a) 25.0°C (b) 32.0°C (c) 35.5°C (d) 39.7°C (e) 50.0°C 

Answer (c) 35.5°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_c_in=18 [C] 
m_dot_c=0.7 [kg/s] 
c_p_c=4.18 [kJ/kg-C] 

T_h_in=50 [C] 

T_h_out=25 [C] 
m_dot_h=1 .6 [kg/s] 
c_p_h=1 .0 [kJ/kg-C] 

C_c=m_dot_c*c_p_c 
C_h = m_dot_h *c_p_h 
C_min=min(C_c, C_h) 

Q_d ot_m ax = C_m i n * (T_h_i n -T_c_i n ) 
Q_dot_max=C_c*(T_c_out_max-T_c_in) 

"Some Wrong Solutions with Common Mistakes" 

W1_C_min=C_c "Using the greater heat capacity in the equation" 
W 1 _Q_dot_max= W 1 _C_m i n* (T_h _i n-T_c_i n) 

W 1 _Q_dot_m ax=C_c* ( W 1 _T_c_o ut_m ax-T_c _i n ) 
W2_T_c_out_max=T_h_in "Using T h in as the answer" 
W3_T_c_out_max=T_h_out "Using T h in as the answer" 
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11-151 Steam is to be condensed on the shell side of a 2-shell-passes and 8-tube-passes condenser, with 20 
tubes in each pass. Cooling water enters the tubes at a rate of 2 kg/s. If the heat transfer area is 14 nr and 
the overall heat transfer coefficient is 1800 W/m -°C, the effectiveness of this condenser is 

(a) 0.70 (b) 0.80 (c) 0.90 (d) 0.95 (e) 1.0 


Answer (d) 0.95 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


cp_c=4.18 [kJ/kg-C] 
m_c=2 [kg/s] 

A=14 

U=1 .8 [kW/m A 2-K] 

"From NTU and Effectivenss relations for counterflow HX:" 

C_min=m_c*cp_c 

NTU=U*A/C_min 

Eff=1-Exp(-NTU) 


11-152 Water is boiled at 150°C in a boiler by hot exhaust gases (c p = 1.05 kJ/kg-°C) that enter the boiler at 
400°C at a rate of 0.4 kg/s and leaves at 200°C. The surface area of the heat exchanger is 0.64 m 2 . The 
overall heat transfer coefficient of this heat exchanger is 

(a) 940 W/m 2 °C (b) 1056 W/m 2 -°C (c) 1 145 W/m 2 -°C (d) 1230 W/m 2 -°C (e) 1393 W/m 2 -°C 

Answer (b) 1056 W/m 2 -°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_w=1 50 [C] 

T_h_in=400 [C] 

T_h_out=200 [C] 
m_dot_h=0.4 [kg/s] 
c_p_h=1 .05 [kJ/kg-C] 

A_s=0.64 [m A 2] 

C_h=m_dot_h*c_p_h 

C_min=C_h 

Q_dot_max=C_min*(T_h_in-T_w) 
Q_dot=C_h * (T_h_i n -T_h_o u t) 
eps i I o n = Q_d ot/Q_dot_m ax 
NTU=-ln(1-epsilon) 
U=(NTU*C_min)/A_s 
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11-153 In a parallel-flow, water-to-water heat exchanger, the hot water enters at 75°C at a rate of 1.2 kg/s 
and cold water enters at 20°C at a rate of 0.9 kg/s. The overall heat transfer coefficient and the surface area 
for this heat exchanger are 750 W/m~-°C and 6.4 m , respectively. The specific heat for both the hot and 
cold fluid may be taken to be 4. 18 kJ/kg °C. For the same overall heat transfer coefficient and the surface 
area, the increase in the effectiveness of this heat exchanger if counter-flow arrangement is used is 

(a) 0.09 (b) 0.1 1 (c) 0.14 (d) 0.17 (e)0.19 


Answer (a) 0.09 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T_h_in=75 [C] 
m_dot_h=1 .2 [kg/s] 

T_c_in=20 [C] 
m_dot_c=0.9 [kg/s] 
cjd=4.18 [kJ/kg-C] 

U=0.750 [kW/m A 2-C] 

A_s=6.4 [m A 2] 

C_h=m_dot_h*c_p 
C_c= m_dot_c*c_p 
C_min=min(C_c, C_h) 

C_max=max(C_c, C_h) 

c=C_min/C_max 

NTU=(U*A_s)/C_min 

epsilon_p=(1 -exp((-NTU)*(1 +c)))/(1 +C) 

epsilon_c=(1 -exp((-NTU)*(1 -c)))/(1 -c*exp((-NTU)*(1 -c))) 

lncrease_epsilon=epsilon_c-epsilon_p 


11-154 In a parallel-flow heat exchanger, the NTU is calculated to be 2.5. The lowest possible 
effectiveness for this heat exchanger is 

(a) 10% (b) 27% (c) 41% (d) 50% (e) 92% 


Answer (d) 50% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


NTU=2.5 

c=1 "The effectiveness is lowest when c = 1" 
epsilon=(1 -exp((-NTU)*(1 +c)))/(1 +c) 

"Some Wrong Solutions with Common Mistakes" 
W_epsilon=1-exp(-NTU) "Finding maximum effectiveness when c=0" 
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11-155 In a parallel-flow, air-to-air heat exchanger, hot air (c p = 1.05 kJ/kg-°C) enters at 400°C at a rate of 
0.06 kg/s and cold air (c p =1.0 kJ/kg-°C) enters at 25°C. The overall heat transfer coefficient and the 
surface area for this heat exchanger are 500 W/m °C and 0.12 nr, respectively. The lowest possible heat 
transfer rate in this heat exchanger is 

(a) 3.8 kW (b) 7.9 kW (c) 10.1 kW (d) 14.5 kW (e) 23.6 kW 

Answer (c) 10.1 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_h_in=400 [C] 
c_p_h=1 .05 [kJ/kg-C] 
m_dot_h=0.06 [kg/s] 

T_c_in=25 [C] 
c_p_c=1 .0 [kJ/kg-C] 

U=0.500 [kW/m A 2-C] 

A_s=0.1 2 [m A 2] 

c=1 "c=1 for the lowest effectiveness (i.e. , the lowest heat transfer rate)" 

C_h=m_dot_h*c_p_h 

NTU=(U*A_s)/C_h 

epsilon=(1 -exp((-NTU)*(1 +c)))/(1 +c) 

Q_dot_m ax=C_h * (T h i n -T_c_i n ) 

Q_dot=epsilon*Q_dot_max 

"Some Wrong Solutions with Common Mistakes" 

W_Q_dot=Q_dot_max "Finding maximum heat transfer rate" 


11-156 Steam is to be condensed on the shell side of a 1 -shell-pass and 4-tube-passes condenser, with 30 
tubes in each pass, at 30°C. Cooling water ( c„ = 4.18 kJ/kg ■ °C) enters the tubes at 12°C at a rate of 2 kg/s. 
If the heat transfer area is 14 nr and the overall heat transfer coefficient is 1800 W/m • °C, the rate of heat 
transfer in this condenser is 

(a) 1 12 kW (b) 94 kW (c) 166 kW (d) 151 kW (e) 143 kW 

Answer (e) 143 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

cp„c=4.18 [kJ/kg-C] 

h fg=2431 [kJ/kg-C] 

Tc_in=12 [C] 

Th_in=30 [C] 

Th_out=30 [C] 
m_c=2 [kg/s] 

A=14 

U=1 .8 [kW/m A 2-K] 

"From NTU and Effectivenss relations for counterflow HX:" 

C_min=m_c*cp_c 

NTU=U*A/C_min 

Eff=1-Exp(-NTU) 

Q_max=C_min*(ThJn-Tc_in) 

Q=Eff*Q max 
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11-157 An air-cooled condenser is used to condense isobutane in a binary geothermal power plant. 
The isobutane is condensed at 85°C by air (c p =1.0 kJ/kg-°C) that enters at 22°C at a rate of 18 kg/s. 
The overall heat transfer coefficient and the surface area for this heat exchanger are 2.4 kW/m -°C and 
1.25 rrr, respectively. The outlet temperature of the air is 

(a) 45.4°C (b)40.9°C (c) 37.5°C (d) 34.2°C (e) 31.7°C 


Answer (e)31.7°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T_h=85 [C] 

T_c_in=22 [C] 
m_dot_c=18 [kg/s] 
c_p_c=1 .0 [kJ/kg-C] 

U=2.4 [kW/m A 2-C] 

A_s=1 .25 [m A 2] 

C_c= m_dot_c*c_p_c 
C_min =C_c 
NTU=(U*A_s)/C_min 
epsilon=1-exp(-NTU) 

Q_dot_max=C_min*(T_h-T_c_in) 

Q_dot=epsilon*Q_dot_max 

Q_dot=m_dot_c*c_p_c*(T_c_out-T_c_in) 


11-158 An air handler is a large unmixed heat exchanger used for comfort control in large buildings. In 
one such application, chilled water ( c p = 4.2 kJ/kg-K) enters an air handler at 5°C and leaves at 12°C with a 
flow rate of 1000 kg/h. This cold water cools 5000 kg/h of air ( c p =1.0 kJ/kg-K) which enters the air 
handler at 25°C. If these streams are in counter-flow and the water stream conditions remain fixed, the 
minimum temperature at the air outlet is 

(a) 5°C (b) 12°C (c) 19°C (d)22°C (e) 25°C 


Answer (d) 19°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


cp_c=4.2 [kJ/kg-K] 

T_c_in=5 [C] 

T_c_out=1 2 [C] 
m_dot_c= 1000/3600 "[kg/s]" 
m_dot_h=5000/3600 ”[kg/s]" 
cpji=1 .0 [kJ/kg-K] 

T_h_in=25 [C] 

Q_dot=m_dot_c*cp_c*(T_c_out-T_c_in) 

Q_dot=m_dot_h*cp_h*(T_h_in-T_h_out) 
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11-159 An air handler is a large unmixed heat exchanger used for comfort control in large buildings. In 
one such application, chilled water (c p = 4.2 kJ/kg-K) enters an air handler at 5°C and leaves at 12°C with a 
flow rate of 1000 kg/hr. This cold water cools air ( c p = 1.0 kJ/kg-K) from 25°C to 15°C. The rate of heat 
transfer between the two streams is 

(a) 8.2 kW (b) 23.7 kW (c) 33.8 kW (d) 44.8 kW (e) 52.8 kW 
Answer (d) 8.2 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


cp_c=4.2 [kJ/kg-K] 

T_c_in=5 [C] 

T_c_out=1 2 [C] 
m_dot_c= 1000/3600 "[kg/s]" 
cp__h=1 .0 [kJ/kg-K] 

T_h_in=25 [C] 

T_h_out=15 [C] 

Q_dot=m_dot_c*cp__c*(T_c_out-T_c_in) 


11-160 The radiator in an automobile is a cross-flow heat exchanger (UA, = 10 kW/K) that uses air (c p = 
1.00 kJ/kg-K) to cool the engine coolant fluid (c p = 4.00 kJ/kg-K). The engine fan draws 30°C air through 
this radiator at a rate of 10 kg/s while the coolant pump circulates the engine coolant at a rate of 5 kg/s. 
The coolant enters this radiator at 80°C. Under these conditions, what is the number of transfer units 
(NTU) of this radiator? 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 

Answer (c) 3 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

UA=30 [kW/K] 
m_dot_a=10 [kg/s] 
c_p_a=1 .0 [kJ/kg-K] 
m_dot_c=5 [kg/s] 
c„p_c=4.0 [kJ/kg-K] 

C_a=m_dot_a*c_p_a 
C_c= m_dot_c*c_p_c 
C_min=C_a 
NTU=UA/C min 


11-161 .. . 11-168 Design and Essay Problems 
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11-168 A counter flow double-pipe heat exchanger is used for cooling a liquid stream by a coolant. The 
rate of heat transfer and the outlet temperatures of both fluids are to be determined. Also, a replacement 
proposal is to be analyzed. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss 
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the 
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 5 There is no fouling. 

Properties The specific heats of hot and cold fluids are given to be 3.15 and 4.2 kJ/kg.°C, respectively. 
Analysis (a) The overall heat transfer coefficient is 

600 600 


U = 


1 


2 


1 


2 


= 1185 W/m .K 


m. 


0.8 


• 0.8 
m h 


0.8 


, 0.8 


8 10 

The rate of heat transfer may be expressed as 
Q = m c c c (T cout -T cM ) = (8)(4200)(T cout -10) (1) 

£ = m h c h (T hJn -T htOUt ) = (10)(3 150)(90 - T h out ) (2) 


Hot 
90°C 
10 kg/s 


Cold 
10°C 
8 kg/s 


Z 


i 

n 


It may also be expressed using the logarithmic mean 
temperature difference as 


i 

i 


Q = UAAT lm = UA 


Ar ! -AT 2 

InfAr, I AT 2 ) 


= (1185X9) 


(90-T c )-(T h -10) 


In 


^90-ry 

v '0,-io 


( 3 ) 


We have three equations with three unknowns, solving an equation solver such as EES, we obtain 
Q = 6.42x10 5 W, T cout =29.1°C, T hjOUt = 69.6°C 

(b) The overall heat transfer coefficient for each unit is 

600 600 


U = 


1 


2 


1 


2 


= 680.5 W/m .K 


m 


0.8 


m 


0.8 


4 


0.8 


0.8 


Then 


Q = m c c c (T coul - T c in ) = (2 x 4)(4200)(r r „„, - 10) 


c,in 


c,out 


Q = m h c h (T hM - T h oul ) = (2 x 5)(3150)(90 - T luout ) 


0 ) 

( 2 ) 


AT, - AT-, (90 -T r )~ (T h - 10) 

Q = UAAT lm = UA- — ^ = (680.5)(2x5) / — (3) 


lniA^ /AT 2 ) 


In 


r 90-T c ^ 

v 0,-io 


One again, we have three equations with three unknowns, solving an equation solver such as EES, we 
obtain 

Q = 4.5x10 s W, T c „ ut = 23.4°C, T h t =75.7°C 


Discussion Despite a higher heat transfer area, the new heat transfer is about 30% lower. This is due to 
much lower U, because of the halved flow rates. So, the vendor’s recommendation is not acceptable. The 
vendor’s unit will do the job provided that they are connected in series. Then the two units will have the 
same U as in the existing unit. 
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Chapter 12 

FUNDAMENTALS OF THERMAL RADIATION 


Electromagnetic and Thermal Radiation 

12- 1C Electromagnetic waves are caused by accelerated charges or changing electric currents giving rise to 
electric and magnetic fields. Sound waves are caused by disturbances. Electromagnetic waves can travel in 
vacuum, sound waves cannot. 


12-2C Electromagnetic waves are characterized by their frequency v and wavelength A . These two 
properties in a medium are related by A = c / v where c is the speed of light in that medium. 


12-3C Visible light is a kind of electromagnetic wave whose wavelength is between 0.40 and 0.76 pm. It 
differs from the other forms of electromagnetic radiation in that it triggers the sensation of seeing in the 
human eye. 


12-4C Infrared radiation lies between 0.76 and 100 pm whereas ultraviolet radiation lies between the 
wavelengths 0.01 and 0.40 pm. The human body does not emit any radiation in the ultraviolet region since 
bodies at room temperature emit radiation in the infrared region only. 


12-5C Thermal radiation is the radiation emitted as a result of vibrational and rotational motions of 
molecules, atoms and electrons of a substance, and it extends from about 0.1 to 100 p m in wavelength. 

Unlike the other forms of electromagnetic radiation, thermal radiation is emitted by bodies because of their 
temperature. 


12-6C Light (or visible) radiation consists of narrow bands of colors from violet to red. The color of a 
surface depends on its ability to reflect certain wavelength. For example, a surface that reflects radiation in 
the wavelength range 0.63-0.76 pm while absorbing the rest appears red to the eye. A surface that reflects 
all the light appears white while a surface that absorbs the entire light incident on it appears black. The 
color of a surface at room temperature is not related to the radiation it emits. 


12-7C Radiation in opaque solids is considered surface phenomena since only radiation emitted by the 
molecules in a very thin layer of a body at the surface can escape the solid. 


12-8C Because the snow reflects almost all of the visible and ultraviolet radiation, and the skin is exposed 
to radiation both from the sun and from the snow. 


2 5 

12-9C Microwaves in the range of 10 to 10 jam are very suitable for use in cooking as they are reflected 

by metals, transmitted by glass and plastics and absorbed by food (especially water) molecules. Thus the 
electric energy converted to radiation in a microwave oven eventually becomes part of the internal energy 
of the food with no conduction and convection thermal resistances involved. In conventional cooking, on 
the other hand, conduction and convection thermal resistances slow down the heat transfer, and thus the 
heating process. 
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12-10 The speeds of light in air, water, and glass are to be determined. 
Analysis The speeds of light in air, water and glass are 


Air: c 


Water: c 


Glass: c 


c 0 

n 

C Q 

n 

Co 

n 


3.0xlQ 8 m/s 
1 

3.0xl0 8 m/s 
L33 

3.0xlQ 8 m/s 
1.5 


3.0x10 8 m/s 
2.26 xIO 8 m/s 
2.0x10 8 m/s 


12-11 Electricity is generated and transmitted in power lines at a frequency of 60 Hz. The wavelength of 
the electromagnetic waves is to be determined. 


Analysis The wavelength of the electromagnetic waves is 



2,998 xIO 8 m/s 
60 Hz(l/s) 


= 4.997 xIO 6 


m 


Power lines 
88888888888888888 


12-12 A microwave oven operates at a frequency of 2.2x1 0 9 Hz. The wavelength of these microwaves and 
the energy of each microwave are to be determined. 


Analysis The wavelength of these microwaves is 


A = - = 


2.998x10 s m/s 


v 2.2 xIO 9 Hz(l/s) 

Then the energy of each microwave becomes 


= 0.136 m = 136 mm 


, he (6.625 xl0~ 34 Js)(2.998xl0 m/s) „ _ n 24 , 

e = hv = — = - - = 1.46x10 J 

A 0.136m 


z 




12-13 A radio station is broadcasting radio waves at a wavelength 
of 200 m. The frequency of these waves is to be determined. 

Analysis The frequency of the waves is determined from 


A = 



2,998xlQ 8 m/s 
200 m 


1.5x10 6 Hz 
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12-14 A 

waves is 

Analysis 


o 

cordless telephone operates at a frequency of 8.5x10 Hz. The wavelength of these telephone 
to be determined. 

The wavelength of the telephone waves is 


/l 


c 

v 


2.998xl0 8 m/s 
8.5 xlO 8 Hz(l/s) 


= 0.353 m = 353 mm 



Blackbody Radiation 

12-15C A blackbody is a perfect emitter and absorber of radiation. A blackbody does not actually exist. It 
is an idealized body that emits the maximum amount of radiation that can be emitted by a surface at a given 
temperature. 


12-16C Spectral blackbody emissive power is the amount of radiation energy emitted by a blackbody at an 
absolute temperature T per unit time, per unit surface area and per unit wavelength about wavelength A . 
The integration of the spectral blackbody emissive power over the entire wavelength spectrum gives the 
total blackbody emissive power , 

00 

E h (T) = ^E bl (T)dX = cjT 4 
0 

The spectral blackbody emissive power varies with wavelength, the total blackbody emissive power does 
not. 


oo 

12-17C We defined the blackbody radiation function f A because the integration j* E hA ( T)dA cannot be 

o 

performed. The blackbody radiation function f A represents the fraction of radiation emitted from a 
blackbody at temperature T in the wavelength range from A = 0 to A . This function is used to determine 
the fraction of radiation in a wavelength range between A x and A 2 . 


12-18C The larger the temperature of a body, the larger the fraction of the radiation emitted in shorter 
wavelengths. Therefore, the body at 1500 K will emit more radiation in the shorter wavelength region. The 
body at 1000 K emits more radiation at 20 pm than the body at 1500 K since AT = constant . 


12-19 The maximum thermal radiation that can be emitted by a surface is to be determined. 

Analysis The maximum thermal radiation that can be emitted by a surface is determined from Stefan- 
Boltzman law to be 

E b (T) = aT 4 = (5.67 xl0~ 8 W/m 2 .K 4 )(800 K) 4 =2.32xl0 4 W/m 2 
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12-20 An isothermal cubical body is suspended in the air. The rate at which the cube emits radiation energy 
and the spectral blackbody emissive power are to be determined. 

Assumptions The body behaves as a black body. 

Analysis (a) The total blackbody emissive power is determined from Stefan-Boltzman Law to be 
A s =6 a 2 =6(0.2 2 ) = 0.24 m 2 


E b (T) = aT 4 A s = (5.67xl0“ 8 W/m 2 ,K 4 )(750K) 4 (0.24 m 2 ) = 4306 W 

(b) The spectral blackbody emissive power at a wavelength of 4 
pm is determined from Plank's distribution law, 


Ebs i ~ 


C, 


3.74177xl0 8 W-//m 4 /m 2 


k 


exp 




AT 


-1 


(4 /mi) 


exp 


/ 1.43878xl0 4 jum-K.' 
(4 //m)(750K) 


-1 


= 3045 W/m 2 • pm = 3.05 kW/m 2 • pm 



12-21E The sun is at an effective surface temperature of 10,400 R. The rate of infrared radiation energy 
emitted by the sun is to be determined. 

Assumptions The sun behaves as a black body. 

Analysis Noting that T= 10,400 R = 5778 K, the blackbody radiation functions 
corresponding to A X T and A 2 T are determined from Table 12-2 to be 

A X T = (0.76 //m)(5778K) = 4391.3 //mK > f k =0.547370 

A 2 T = (100 //m)(5778K) = 577,800 jumK > f Ai =1.0 

Then the fraction of radiation emitted between these two wavelengths becomes 
4 -A =1-0-0.547 =0.453 (or 45.3%) 

The total blackbody emissive power of the sun is determined from Stefan-Boltzman Law to be 
E b =oT 4 =(0.1714xl0" 8 Btu/h.ft 2 .R 4 )(10,400R) 4 =2.005xl0 7 Btu/h.ft 2 

Then, 

^infrared = (0.453)^* = (0.453)(2.005 x 10 7 Btu/h.ft 2 ) = 9.08x10 s Btu/h.ft 2 
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12-22 EES The spectral blackbody emissive power of the sun versus wavelength in the range of 0.01 pm 
to 1000 pm is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

T=5780 [K] 

lambda=0.01 [micrometer] 

"ANALYSIS” 

E_b_lambda=C_1 /(lambda A 5*(exp(C_2/(lambda*T))-1 )) 

C_1 =3.742E8 [W-micrometer A 4/m A 2] 

C_2=1 .439E4 [micrometer-K] 


X [Jim] 

Eb,x 

[W/m 2 - 

pm| 

0.01 

2.820E-90 

10.11 

12684 

20.21 

846.3 

30.31 

170.8 

40.41 

54.63 

50.51 

22.52 

60.62 

10.91 

70.72 

5.905 

80.82 

3.469 

90.92 

2.17 

• • • 

• • • 

• • • 

• • • 

909.1 

0.0002198 

919.2 

0.0002103 

929.3 

0.0002013 

939.4 

0.0001928 

949.5 

0.0001847 

959.6 

0.000177 

969.7 

0.0001698 

979.8 

0.0001629 

989.9 

0.0001563 

1000 

0.0001501 
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12-23 The temperature of the filament of an incandescent light bulb is given. The fraction of visible 
radiation emitted by the filament and the wavelength at which the emission peaks are to be determined. 

Assumptions The filament behaves as a black body. 

Analysis The visible range of the electromagnetic spectrum extends from A l = 0.40 jum to T 2 = 0.76 jum . 
Noting that T= 3200 K, the blackbody radiation functions corresponding to and A 2 T are determined 
from Table 12-2 to be 

A { T = (0.40 //m)(3200 K) = 1280 jua lK > f }{ = 0.0043964 

A 2 T = (0.76 //m)(3200K) = 2432 jumK > =0.147114 

Then the fraction of radiation emitted between these two wavelengths becomes 
f h -f A[ =0.147114-0.004396 = 0.142718 (or 14.3%) 

The wavelength at which the emission of radiation from the filament is maximum is 

(XT') 1T1 ax power = 2897.8 //m • K > 2 maxpower = K = 0- 9 °6 mm 

JZUU Iv 
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12-24 EES Prob. 12-23 is reconsidered. The effect of temperature on the fraction of radiation emitted in 
the visible range is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T=3200 [K] 

lambda_1=0.40 [micrometer] 
lambda_2=0.76 [micrometer] 

"ANALYSIS" 

E_b_lambda=C_1 /(lambda A 5*(exp(C_2/(lambda*T))-1 )) 

C_1 =3.742E8 [W-micrometer A 4/m A 2] 

C_2=1 .439E4 [micrometer-K] 

fJambda=integral(E_b_lambda, lambda, lambda_1, lambda_2)/E_b 
E_b=sigma*T A 4 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 


T[K] 

f. 

1000 

0.000007353 

1200 

0.0001032 

1400 

0.0006403 

1600 

0.002405 

1800 

0.006505 

2000 

0.01404 

2200 

0.02576 

2400 

0.04198 

2600 

0.06248 

2800 

0.08671 

3000 

0.1139 

3200 

0.143 

3400 

0.1732 

3600 

0.2036 

3800 

0.2336 

4000 

0.2623 
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12-25 An incandescent light bulb emits 15% of its energy at wavelengths 
shorter than 0.8 jam. The temperature of the filament is to be determined. 

Assumptions The filament behaves as a black body. 

Analysis From the Table 12-2 for the fraction of the radiation, we read 

f A = 0.15 >AT = 2445 //mK 

For the wavelength range of =0.0 /zm to A 2 =0.8 // m 

k = 0.8 fa n >A T = 2445 //mK >T = 3056K 



12-26 Radiation emitted by a light source is maximum in the blue range. The temperature of this light 
source and the fraction of radiation it emits in the visible range are to be determined. 

Assumptions The light source behaves as a black body. 

Analysis The temperature of this light source is 


(AT) 


max power 


= 2897.8 //m- K 


2897.8^-K 


0.47 fm i 


The visible range of the electromagnetic spectrum extends from 
k x - 0.40 //into k 2 = 0.76 //m . Noting that 7=6 166 K, the 

blackbody radiation functions corresponding to X{T and k 2 T are 
determined from Table 12-2 to be 


k x T = (0.40 //m)(6 1 66 K) = 2466 //mK > f A] = 0.15440 

A 2 T = (0.76 //m)(6 1 66 K) = 4686 //mK = 0.59144 



Then the fraction of radiation emitted between these two wavelengths becomes 


f Ai -f A] = 0.59144-0.15440 = 0.437 (or 43.7%) 
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12-27 A glass window transmits 90% of the radiation in a specified wavelength range and is opaque for 
radiation at other wavelengths. The rate of radiation transmitted through this window is to be determined 
for two cases. 


Assumptions The sources behave as a black body. 

Analysis The surface area of the glass window is 

A s = 4 m 2 

(a) For a blackbody source at 5800 K, the total blackbody radiation emission is 
E h (D = oT 4 A s = (5.67 xl(T 8 kW/m 2 .K) 4 (5800 K) 4 (4 m 2 ) = 2.567 x 10 5 kW 



The fraction of radiation in the range of 0.3 to 3.0 pm is 

X { T = (0.30 //m)(5800K) = 1740 //mK > = 0.03345 

X 2 T = (3.0 //m)(5 800 K) = 17,400 //mK > =0.97875 

A/ = f ^ = 0.97875-0.03345 = 0.9453 

Noting that 90% of the total radiation is transmitted through 
the window, 

^transmit — 0.90A fE b (T) 

= (0.90)(0.9453)(2.567 xlO 5 kW) = 2.184x10 s kW 



L = 2 m 


Glass 
x = 0.9 


(b) For a blackbody source at 1000 K, the total blackbody emissive power is 

E h (T) = oT 4 A s = (5.67 x 1(T 8 W/m 2 .K 4 )(1000 K) 4 (4 m 2 ) = 226.8 kW 
The fraction of radiation in the visible range of 0.3 to 3.0 |im is 


AJ = (0.30 /m)(1000 K) = 300 //mK > f k = 0.0000 

A 2 T = (3.0 /m)(1000K) = 3000 /mK = 0.273232 

4 f = f Al ~ f k =0.273232-0 

E transmit = 0.90A fE b (T) = (0.90)(0.273232)(226.8 kW) = 55.8 kW 
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Radiation Intensity 

12-28C A solid angle represents an opening in space, whereas a plain angle represents an opening in a 
plane. For a sphere of unit radius, the solid angle about the origin subtended by a given surface on the 
sphere is equal to the area of the surface. For a cicle of unit radius, the plain angle about the origin 
subtended by a given arc is equal to the length of the arc. The value of a solid angle associated with a 
sphere is 4k. 


12-29C The intensity of emitted radiation I e (6, 0) is defined as the rate at which radiation energy dQ e is 

emitted in the {0, (j>) direction per unit area normal to this direction and per unit solid angle about this 
direction. For a diffusely emitting surface, the emissive power is related to the intensity of emitted radiation 
by E = 7il e (or E ? = nl Ae for spectral quantities). 


12-30C Irradiation G is the radiation flux incident on a surface from all directions. For diffusely incident 
radiation, irradiation on a surface is related to the intensity of incident radiation by G = nl t (or 

G a = ttI A i for spectral quantities). 


12-31C Radio sity J is the rate at which radiation energy leaves a unit area of a surface by emission and 
reflection in all directions.. For a diffusely emitting and reflecting surface, radiosity is related to the 
intensity of emitted and reflected radiation by J = nl e+r (or J ? = 7rl A e+r for spectral quantities). 


12-32C When the variation of a spectral radiation quantity with wavelength is known, the correcponding 
total quantity is determined by integrating that quantity with respect to wavelength from X = 0 to X = go. 
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12-33 A surface is subjected to radiation emitted by another surface. The solid angle subtended and the rate 
at which emitted radiation is received are to be determined. 


Assumptions 1 Surface A j emits diffusely as a blackbody. 2 Both A j and A 2 can be approximated as 
differential surfaces since both are very small compared to the square of the distance between them. 


Analysis Approximating both A x and A 2 as differential 
surfaces, the solid angle subtended by A 2 when viewed from A x 
can be determined from 


co 2 ~\ = 


^ n , 2 _ A 2 cos 6 2 _ (8 cm 2 ) cos 60° 
r 2 r 2 (80 cm) 2 


= 6.25x10 -4 sr 


since the normal of A 2 makes 60° with the direction of viewing. 
Note that solid angle subtended by A 2 would be maximum if A 2 
were positioned normal to the direction of viewing. Also, the 
point of viewing on A x is taken to be a point in the middle, but 
it can be any point since A x is assumed to be very small. 

The radiation emitted by A x that strikes A 2 is 
equivalent to the radiation emitted by A \ through the solid 
angle co 2 _i. The intensity of the radiation emitted by^ is 


A 2 = 8 cm 2 



A\ = 8 cm 2 
T x = 600 K 


h = 


E h (T x ) 


c tT ! 4 (5.67 Xl0“ 8 W/m 2 -K 4 )(800K) 4 


= 7393 W/m 2 - sr 


71 


71 


71 


This value of intensity is the same in all directions since a blackbody is a diffuse emitter. Intensity 
represents the rate of radiation emission per unit area normal to the direction of emission per unit solid 
angle. Therefore, the rate of radiation energy emitted by A x in the direction of 6 X through the solid angle a 
i is determined by multiplying I x by the area ofA x normal to 0 X and the solid angle x . That is, 

Ql-2 = A ( A 1 COS 0 x )co 2 _ x 

= (7393 W/m 2 -sr)(8xl(r 4 cos45 0 m 2 )(6.25xl(T 4 sr) 

= 2.614x10 3 W 

Therefore, the radiation emitted from surface A x will strike surface A 2 at a rate of 2.614x10’ W. 

If A 2 were directly above A i at a distance 80 cm, 0 X = 0° and the rate of radiation energy emitted by A x 
becomes zero. 
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12-34 Radiation is emitted from a small circular surface located at the center of a sphere. Radiation energy 
streaming through a hole located on top of the sphere and the side of sphere are to be determined. 

Assumptions 1 Surface A j emits diffusely as a blackbody. 2 Both A x and A 2 can be approximated as 
differential surfaces since both are very small compared to the square of the distance between them. 


Analysis (a) Approximating both A \ and^4 2 as differential surfaces, the solid 
angle subtended by A 2 when viewed from A \ can be determined from 


^ 2-1 = 


^■(0.005 m) 
(lm) 2 


= 7.854x10 


since A 2 were positioned normal to the direction of viewing. 

The radiation emitted by A \ that strikes A 2 is equivalent to the 
radiation emitted by A x through the solid angle co 2 _i. The intensity of 
the radiation emitted by A \ is 


A = 


E b (T x ) <xT 4 (5.67xlCT 8 W/m 2 -K 4 )(1000K) 


= 18,048 W/m 2 -sr 



This value of intensity is the same in all directions since a blackbody is a diffuse emitter. Intensity 
represents the rate of radiation emission per unit area normal to the direction of emission per unit solid 
angle. Therefore, the rate of radiation energy emitted by A\ in the direction of 6\ through the solid angle 
i is determined by multiplying I\ by the area of^i normal to 6\ and the solid angle c^-i- That is, 


01-2 = AAA cos e i )a> 2 - l 

= (18,048 W/m 2 •sr)(2xl0 -4 cosO°m 2 )(7.854xlO^ sr) 


= 2.835 xIO' 4 W 

where 6\ = 0°. Therefore, the radiation emitted from surface 
A i will strike surface A 2 at a rate of 2. 835x1 O’ 4 W. 

( b ) In this orientation, 0\ =45° and 0 2 = 0°. Repeating the 
calculation we obtain the rate of radiation to be 

0i-2 = A (A cos e x )&> 2 _i 

= (18,048 W/m 2 -sr)(2xl0 -4 cos45°m 2 )(7.854xl0 -5 sr) 

= 2.005x10 4 W 
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12-35 Radiation is emitted from a small circular surface located at the center of a sphere. Radiation energy 
streaming through a hole located on top of the sphere and the side of sphere are to be determined. 

Assumptions 1 Surface A j emits diffusely as a blackbody. 2 Both A x and A 2 can be approximated as 
differential surfaces since both are very small compared to the square of the distance between them. 


Analysis (a) Approximating both A \ and^4 2 as differential surfaces, the solid 
angle subtended by A 2 when viewed from A \ can be determined from to be 


^2-1 - 


^■(0.005 m) 
(2 m) 2 


= 1.963x10 


since A 2 were positioned normal to the direction of viewing. 

The radiation emitted by A \ that strikes A 2 is equivalent to the 
radiation emitted by A x through the solid angle The intensity of 
the radiation emitted by A \ is 


h = 


E h (T x ) oT \ 4 (5.67xlCT 8 W/m 2 -K 4 )(1000K) 


= 18,048 W/m 2 -sr 



This value of intensity is the same in all directions since a blackbody is a diffuse emitter. Intensity 
represents the rate of radiation emission per unit area normal to the direction of emission per unit solid 
angle. Therefore, the rate of radiation energy emitted by A\ in the direction of 6\ through the solid angle 
i is determined by multiplying I\ by the area of^i normal to 6\ and the solid angle coz-i- That is, 


01-2 =I l( A l C0S6»,)® 2 -1 

= (18,048 W/m 2 -sr)(2xl0' 4 cos0°m 2 )(1.963xl0~ 5 sr) 

= 7.086x10 5 W 

where 0\ = 0°. Therefore, the radiation emitted from surface^ 
will strike surface A 2 at a rate of 2. 835x1 O’ 4 W. 

( b ) In this orientation, 0\ =45° and 0 2 = 0°. Repeating the 
calculation we obtain the rate of radiation as 

01-2 =h(A COS^^-l 

= (18,048 W/m 2 •sr)(2xl0 -4 cos45 o m 2 )(1.963xl0 _5 sr) 

= 5.010x10 5 W 
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12-36 A small surface emits radiation. The rate of radiation energy emitted through a band is to be 
determined. 


Assumptions Surface A emits diffusely as a blackbody. 

Analysis The rate of radiation emission from a surface per 
unit surface area in the direction ( 9, (j)) is given as 

dE = — — = / e (0, (/)) cos 0 sin OdOd(f) 
dA 

The total rate of radiation emission through the band 
between 60° and 45° can be expressed as 

p 2 n p60 jr (jT 4 71 (jT 

E= I (#, (f>) cos 0 sin 0 dO d</> = I h - = - — — = — 

J <f>=o J #=45 4 n 4 4 



T= 1800 K 


since the blackbody radiation intensity is constant (//, = constant), and 

p 2 k p 60 p 60 

cos 0 sin 0 dO d(f) — 2tt I cos ^ sin 6 dO = ^(sin 60 -sin 45) = 7r / 4 

J (f = 0 J < 9=45 J ^=45 

Approximating a small area as a differential area, the rate of radiation energy emitted from an area of 1 cm 
in the specified band becomes 


oT 4 

Q e = EdA = dA = 


(5.67 xlO -8 W/m 2 -K 4 )(1800K) 


(lxlO -4 m 2 ) = 14.9 W 
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12-37 A small surface is subjected to uniform incident radiation. The rates of radiation emission through 
two specified bands are to be determined. 


Assumptions The intensity of incident radiation is constant. 

Analysis {a) The rate at which radiation is incident on a surface per 
unit surface area in the direction ( 0, (j)) is given as 

dG = — — = 1 1 ( # , (/>) cos 6 sin QdQd (j) 
dA 

The total rate of radiation emission through the band 
between 0° and 45° can be expressed as 

G, = f f /.(#, ^) cos# sin 0 d6 dd = I. ■ — 

J ^=o J o=o 2 

since the incident radiation is constant (/, = constant), and 



f f 45 f 45 

cos# sin 0 dO d(/) = 2n\ cos #sin 6 d6 = ^(sin 45 -sin 0) = n! 2 
J<M)J6M) J 6=0 


2 

Approximating a small area as a differential area, the rate of radiation energy emitted from an area of 1 cm 
in the specified band becomes 

Q. x = G l dA = 0.5^1 t dA = 0.5;r(2.2xl0 4 W/m 2 -sr)(lxl0^ m 2 ) = 3.46 W 


( b ) Similarly, the total rate of radiation emission through the 
band between 45° and 90° can be expressed as 

r 2/r p 90 JT 

G, = /,(#, dj) cos# sin# dO dd) = L : — 

J ^=o J 6»=45 7 


since 

p 2k p 90 

J 6 = 0 J 6 = 45 


cos# sin# J# 


p 90 

d(j) = 2^- 

J 0=45 


cos# sin# dO 


= ;r(sin 2 90 - sin 2 45) - nil 



and 


Q i 2 =G 2 dA = 0.5x1, ^<i4 = 0.5^(2.2xl0 4 W/m 2 -srXlxlO^ 4 m 2 ) = 3.46 W 


Discussion Note that the viewing area for the band 0° - 45° is much smaller, but the radiation energy 
incident through it is equal to the energy streaming through the remaining area. 
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Radiation Properties 

12-38C The emissivity 8 is the ratio of the radiation emitted by the surface to the radiation emitted by a 
blackbody at the same temperature. The fraction of radiation absorbed by the surface is called the 
absorptivity a , 

E(T) , absorbed radiation G ah „ 

s{T) = and a = = 

E h (T) incident radiation G 

When the surface temperature is equal to the temperature of the source of radiation, the total hemispherical 
emissivity of a surface at temperature T is equal to its total hemispherical absorptivity for radiation coming 
from a blackbody at the same temperature s A ( T ) = a A (T ) . 


12-39C The fraction of irradiation reflected by the surface is called reflectivity p and the fraction 
transmitted is called the transmissivity r 


2- and 
G 



Surfaces are assumed to reflect in a perfectly spectral or diffuse manner for simplicity. In spectral (or 
mirror like) reflection, the angle of reflection equals the angle of incidence of the radiation beam. In diffuse 
reflection, radiation is reflected equally in all directions. 


12-40C A body whose surface properties are independent of wavelength is said to be a graybody. The 
emissivity of a blackbody is one for all wavelengths, the emissivity of a graybody is between zero and one. 


12-4 1C The heating effect which is due to the non-gray characteristic of glass, clear plastic, or atmospheric 
gases is known as the greenhouse effect since this effect is utilized primarily in greenhouses. The 
combustion gases such as CO 2 and water vapor in the atmosphere transmit the bulk of the solar radiation 
but absorb the infrared radiation emitted by the surface of the earth, acting like a heat trap. There is a 
concern that the energy trapped on earth will eventually cause global warming and thus drastic changes in 
weather patterns. 


12-42C Glass has a transparent window in the wavelength range 0.3 to 3 pm and it is not transparent to the 
radiation which has wavelength range greater than 3 pm. Therefore, because the microwaves are in the 
range of 10 to 10 pm, the harmful microwave radiation cannot escape from the glass door. 
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12-43 The variation of emissivity of a surface at a specified temperature with wavelength is given. The 
average emissivity of the surface and its emissive power are to be determined. 


Analysis The average emissivity of the surface can be 
determined from 


e(T) = 


A l h °° 

e x J E b/ ( T)dA e 2 J E b, ( T ) d ^ ^3 J E b A ( T ) d ^ 
0 , \ , ^2 


oT* oT 

= e \fo-A l JrS 2 f \-X 2 + S 'ifx 2 -oo 

= £\fx x + + 


oT 


where and are blackbody radiation functions 
corresponding to A X T and X 2 T , determined from 


0.7 

0.4 - 
0.3 


2 6 X, um 

A X T = (2 jum)( 1 000 K) = 2000 //mK > f k =0.066728 

T 2 T = (6 //m)(1000 K) = 6000 //mK > f h =0.737818 


fo~A l =fx i -/o = A since /o ~ 0 and =f< x >-fx 2 sinc e /«, =1. 
and, 

s = (0.4)0.066728 + (0.7)(0.7378 1 8 - 0.066728) + (0.3)(1 - 0.7378 1 8) = 0.575 
Then the emissive power of the surface becomes 

E = £ctT 4 =0.575(5.67x 10" 8 W/m 2 .K 4 )(1000K) 4 =32.6kW/m 2 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



12-18 


12-44 The variation of reflectivity of a surface with 
wavelength is given. The average reflectivity, 
emissivity, and absorptivity of the surface are to be 
determined for two source temperatures. 

Analysis The average reflectivity of this surface for 
solar radiation (T= 5800 K) is determined to be 

XT = (3 /m)(5800 K) = 17400 /anK -> f x = 0.978746 

P(T) = pJ Q . lt (T) + pif^JT) 

= Pi/;, + Pit 1 ~h x ) 

= (0.35)(0. 978746) + (0.95)(1 -0.978746) 

= 0.362 

Noting that this is an opaque surface, r = 0 



At r= 5800 K: a + p = 1 = \-p = 1-0.362 = 0.638 

Repeating calculations for radiation coming from surfaces at T= 300 K, 

XT = (3 //m)(300K) = 900 pa iK > f h = 0.0001685 

p(T) = (0.35)(0.0001685) + (0.95)(1 - 0.0001685) = 0.95 


At r= 300 K: a + p = 1 = \-p = 1-0.95 = 0.05 

and = a = 0.05 

The temperature of the aluminum plate is close to room temperature, and thus emissivity of the plate will 
be equal to its absorptivity at room temperature. That is, 

£ = £ room = °- 05 

a = a s = 0.638 

which makes it suitable as a solar collector. ( a s = 1 and £ room = 0 for an ideal solar collector) 


12-45 The variation of transmissivity of the glass window of a furnace at a specified temperature with 
wavelength is given. The fraction and the rate of radiation coming from the furnace and transmitted 
through the window are to be determined. 

Assumptions The window glass behaves as a black body. 

Analysis The fraction of radiation at wavelengths 
smaller than 3 pm is 

XT = (3 //m)(1200K) = 3600 pmK >f k = 0.403607 

The fraction of radiation coming from the furnace and 
transmitted through the window is 

<T) = zJ^ + t 2 {\- f x ) 

= (0.7)(0.403607) + (0)(1 - 0.403607) 

= 0.2825 

Then the rate of radiation coming from the furnace and transmitted through the window becomes 
G tr = tAoT 4 = 0.2825(0.40 x 0.40 m 2 )(5.67 x 10 8 W/m 2 .K 4 )(1200 K) 4 =5315 W 



X, pm 
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12-46 The variation of emissivity of a tungsten filament with wavelength is given. The average emissivity, 
absorptivity, and reflectivity of the filament are to be determined for two temperatures. 

Analysis ( a ) T = 2000 K 

k{T = (1 //m)(2000K) = 2000 //mK = 0.066728 

The average emissivity of this surface is 
e(T) = e l f K +s 2 (l-f \) 

= (0.5)(0.066728) + (0.15)(l-0.066728) 

= 0.173 
From Kirchhoff s law, 

e = a = 0.173 (at 2000 K) 

and a + p = \ >p = 1 -cc = 1 - 0.173 = 0.827 

(6)r=3000 K 

A { T = (1 //m)(3000K) = 3000 jUmK >/ A| =0.273232 1 X, pm 

Then 

s(T) = £] f Z] +£ 2 (\~P) = (0.5)(0. 273232) + (0. 15)(1 - 0.273232) = 0.246 

From Kirchhoff s law, 

= a = 0.246 (at 3000 K) 

and a + p = 1 >p = 1 -a = 1-0.246 = 0.754 
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12-47 The variations of emissivity of two surfaces are given. The average emissivity, absorptivity, and 
reflectivity of each surface are to be determined at the given temperature. 

Analysis For the first surface: 

k{T = (3 /m)(3000K) = 9000 pmK > f }y = 0.890029 

The average emissivity of this surface is 
£(T) = £ l f^ +s 2 (l-f M ) 

= (0.2)(0.890029) + (0.9)(1 - 0.890029) 

= 0.28 

The absorptivity and reflectivity are determined 
from Kirchhoff s law 

e = a = 0.28 (at 3000 K) 

a + p = 1 » p = 1 - a = 1 - 0.28 = 0.72 

For the second surface: 

3 a, pm 

A { T = (3 //m)(3000K) = 9000 jumSL >/^ = 0.890029 

The average emissivity of this surface is 
s(T) = e l f Xi +s 2 (l -f A ) 

= (0.8)(0. 890029) + (0. 1)(1 - 0.890029) 

= 0.72 

Then, 

s - a- 0.72 (at 3000 K) 
a + p = \— > p - \- a - \- 0.72 = 0.28 

Discussion The second surface is more suitable to serve as a solar absorber since its absorptivity for short 
wavelength radiation (typical of radiation emitted by a high-temperature source such as the sun) is high, 
and its emissivity for long wavelength radiation (typical of emitted radiation from the absorber plate) is 
low. 
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12-48 The variation of emissivity of a surface with wavelength is given. The average emissivity and 
absorptivity of the surface are to be determined for two temperatures. 

Analysis ( a ) For T= 5800 K: 

A { T = (5 //m)(5800K) = 29,000 pn iK > f K = 0.994715 

The average emissivity of this surface is 
s(T) = e J K +f 2 (1-/;, ) 

= (0.15)(0.994715) + (0.9)(1 - 0.994715) 

= 0.154 

(b) For T= 300 K: 

k x T = (5/m)(300K) = 1500 /vmK >f K = 0.013754 

and 

e(T) = e l + e 2 (l-fp 

= (0.15X0.013754) + (0.9X1-0.013754) 

= 0.89 

The absorptivities of this surface for radiation coming from sources at 5800 K and 300 K are, from 
Kirchhoff s law, 

a = ^=0.1 54 (at 5800 K) 

a = e = 0.89 (at 300 K) 


12-49 The variation of absorptivity of a surface with wavelength is given. The average absorptivity, 
reflectivity, and emissivity of the surface are to be determined at given temperatures. 

Analysis For T= 2500 K: 

X{T = (2 //m)(2500K) = 5000 jumK = 0.633747 

The average absorptivity of this surface is oca. 

a(T) = a l f Ai +a 2 0 

= (0.2X0.633747) + (0.7)(1 - 0.633747) 

= 0.38 0.7 

Then the reflectivity of this surface becomes 

a + p = 1 >p = 1 -a = 1 -0.38 = 0.62 0.2 

Using Kirchhoff s law, a = e , the average emissivity of 
this surface at T = 3000 K is determined to be 

AT = (2//m)(3 000 K) = 6000 /mK >f x = 0.737818 2 Km 

£(T) = £ iP +e 2 (\-fp 

= (0.2)(0.737818) + (0.7X1-0.737818) 

= 0.33 
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12-50E A spherical ball emits radiation at a certain rate. The 
average emissivity of the ball is to be determined at the given 
temperature. 

Analysis The surface area of the ball is 

A = nD 1 = ^-(5 /12 ft) 2 = 0.5454 ft 2 

Then the average emissivity of the ball at this temperature is 
determined to be 



E = sAgT 4 > s = 

AoT 4 


550 Btu/h 

(0.5454 ft 2 )(0.1714xl0' 8 Btu/h.ft 2 • R 4 )(950 R) 4 


0.722 


12-51 The variation of transmissivity of a glass is given. The average transmissivity of the pane at two 
temperatures and the amount of solar radiation transmitted through the pane are to be determined. 

Analysis For 7=5800 K: 

X x T x = (0.3 //m)(5800K) = 1740 jumK 

>f k =0.033454 Xx> ' 

A 2 T, = (3 /m)(5800K) = 17,400 jum K 

>4= 0.978746 Q92 __ ? , 

The average transmissivity of this surface is j j 

rcn-Mf/;. -/ /i ) | | 

= (0.92)(0.978746 -0.033454) = 0.870 

For 7=300 K: I 

* * * 

X{T 2 = (0.3 /rm)(300K) = 90 /jdK >/;, =0.0 0.3 3 x, 

X 2 T 2 = (3 /ym)(300 K) = 900 //mK =0.0001685 

Then, 

r(T) = r, (f 2i -/ li ) = (0.92)(0.000 1 685 - 0.0) = 0.0001 6-0 
The amount of solar radiation transmitted through this glass is 
G tr = ^incident = 0.870(650 W/m 2 ) = 566 W/m 2 
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Atmospheric and Solar Radiation 

12-52C The solar constant represents the rate at which solar energy is incident on a surface normal to sun's 
rays at the outer edge of the atmosphere when the earth is at its mean distance from the sun. It value is 

G s - 1353 W/m . The solar constant is used to estimate the effective surface temperature of the sun from 
the requirement that 

(4/z£ 2 )G sl = {4m- 2 )oT sun 4 (4t iL 2 )G s 

where L is the mean distance between the sun and the earth and 
r is the radius of the sun. If the distance between the earth and 

the sun doubled, the value of G s drops to one-fourth since /\ nr 2 (aT sun 4 ) 


47r{2L) 2 G s2 = )oT Slm 4 


r (C^) 

L 


\67± 2 G s2 =(Anr 2 )aT sun 4 


\srnj 



16;z£ 2 G i2 =4/z£ 2 G sl >G s2 

Eart 





12-53C The amount of solar radiation incident on earth will decrease by a factor of 

Reduction factor = °^ SW1 — _ = g 

°T„ 4 2000 4 

(or to 1.5% of what it was). Also, the fraction of radiation in the visible range would be much smaller. 

12-54C Air molecules scatter blue light much more than they do red light. This molecular scattering in all 
directions is what gives the sky its bluish color. At sunset, the light travels through a thicker layer of 
atmosphere, which removes much of the blue from the natural light, letting the red dominate. 

12-55C The reason for different seasons is the tilt of the earth which causes the solar radiation to travel 
through a longer path in the atmosphere in winter, and a shorter path in summer. Therefore, the solar 
radiation is attenuated much more strongly in winter. 

12-56C The gas molecules and the suspended particles in the atmosphere emit radiation as well as 
absorbing it. Although this emission is far from resembling the distribution of radiation from a blackbody, 
it is found convenient in radiation calculations to treat the atmosphere as a blackbody at some lower 
fictitious temperature that emits an equivalent amount of radiation energy. This fictitious temperature is 
called the effective sky temperature T sky . 


12-57C There is heat loss from both sides of the bridge (top and bottom surfaces of the bridge) which 
reduces temperature of the bridge surface to very low values. The relatively warm earth under a highway 
supply heat to the surface continuously, making the water on it less likely to freeze. 

12-58C Due to its nearly horizontal orientation, windshield exchanges heat with the sky that is at very low 
temperature. Side windows on the other hand exchange heat with surrounding surfaces that are at relatively 
high temperature. 

12-59C Because of different wavelengths of solar radiation and radiation originating from surrounding 
bodies, the surfaces usually have quite different absorptivities. Solar radiation is concentrated in the short 
wavelength region and the surfaces in the infrared region. 
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12-60 A surface is exposed to solar and sky radiation. The net rate of radiation heat transfer is to be 
determined. 


Properties The solar absorptivity and emissivity 
of the surface are given to a s = 0.85 and 8 = 0.5. 

Analysis The total solar energy incident on the 
surface is 

G solar = G D COS 0+G d 

= (350 W/m 2 ) cos 30° + (400 W/m 2 ) 

= 703.1 W/m 2 

Then the net rate of radiation heat transfer in this 
case becomes 


r sky = 280 K °d~ 400 W/m 2 



*7 net, rad ^ s ^ solar -sa(T s 4 - 

T sky ) 

= 0.85(703.1 W/m 2 )- 0.5(5.67 xl0~ 8 W/m 2 -K 4 )[(350K) 4 -(280 K) 4 
= 346 W/m 2 (to the surface) 


12-6 IE A surface is exposed to solar and sky 
radiation. The equilibrium temperature of the 
surface is to be determined. 

Properties The solar absorptivity and 
emissivity of the surface are given to a s = 

0.10 and 8 = 0.6. 

Analysis The equilibrium temperature of the 
surface in this case is 

Q net, rad ~ ^ s ^ solar -sa{T 4 

T shy ) 0 

a s G solar =sa{T 4 -T sky 4 ) 


T sky -OR 


0. 10(400 Btu/h.ft 2 ) = 0.6(0. 1714 X 10 


Btu/h.ft 2 R 4 


)t 


r, = ? 


G solar = 400 Btu/h.ft 1 

///// 



T s = 444 R 
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12-62 Water is observed to have frozen one night 
while the air temperature is above freezing 
temperature. The effective sky temperature is to 
be determined. 

Properties The emissivity of water is 8 = 0.95 
(Table A- 18). 

Analysis Assuming the water temperature to be 
0°C, the value of the effective sky temperature is 
determined from an energy balance on water to 
be 

^(Tair - Surface) = ^i T s ~ T sky) 

and 


T a o = 4°C Water 

T’sky = ? T s = 0°C 



W/m 2 • K 4 )[(273 K) 4 -T sky 4 


(18 W/m 2 • °C)(4°C - 0°C) = 0.95(5.67 x 10 


>T sky = 254.8 K 

Therefore, the effective sky temperature must have been below 255 K. 


12-63 The absorber plate of a solar collector is exposed 
to solar and sky radiation. The net rate of solar energy 
absorbed by the absorber plate is to be determined. 

Properties The solar absorptivity and emissivity of the 
surface are given to a s = 0.87 and 8 = 0.09. 

Analysis The net rate of solar energy delivered by the 
absorber plate to the water circulating behind it can be 
determined from an energy balance to be 

Q net ~ Q gain ~ *7 loss 

<j„et = «, G solar - \sa(T s 4 - T s % ) + h(T s - T alr ) 

Then, 


600 W/m 



Insulation 


q net = 0.87(600 W/m")- 0.09(5.67x10“° W/mMO^t^ySKf -(15 + 273 K) 

- (10 W/m 2 • K)(70°C - 25°C) 

= 36.5 W/m 2 

Therefore, heat is gained by the plate and transferred to water at a rate of 36.5 W per m surface area. 


Absorber plate 
T s = 70°C 
a s = 0.87 
8 = 0.09 
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12-64 EES Prob. 12-63 is reconsidered. The the net rate of solar energy transferred to water as a function 
of the absorptivity of the absorber plate is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 
alpha_s=0.87 
epsilon=0.09 
G_solar=600 [W/m A 2] 

T_air=25+273 "[K]” 

T_sky=1 5+273 ”[K]" 

T_s=70+273 "[K]" 
h=10 [W/m A 2-C] 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

"ANALYSIS" 

q_dot_net=q_dot_gain-q_dot_loss "energy balance" 
q_dot_gain=alpha_s*G_solar 

q_dot_loss=epsilon*sigma*(T_s A 4-T_sky A 4)+h*(T_s-T_air) 


a s 

Qnet 

|W/m 2 | 

0.5 

-185.5 

0.525 

-170.5 

0.55 

-155.5 

0.575 

-140.5 

0.6 

-125.5 

0.625 

-110.5 

0.65 

-95.52 

0.675 

-80.52 

0.7 

-65.52 

0.725 

-50.52 

0.75 

-35.52 

0.775 

-20.52 

0.8 

-5.525 

0.825 

9.475 

0.85 

24.48 

0.875 

39.48 

0.9 

54.48 

0.925 

69.48 

0.95 

84.48 

0.975 

99.48 

1 

114.5 
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12-65 The absorber surface of a solar collector is 
exposed to solar and sky radiation. The equilibrium 
temperature of the absorber surface is to be determined 
if the backside of the plate is insulated. 

Properties The solar absorptivity and emissivity of the 
surface are given to a s = 0.87 and s = 0.09. 

Analysis The backside of the absorbing plate is 
insulated (instead of being attached to water tubes), and 
thus 

4 net = 0 

«, G so i ar = ecr(T s 4 - T 4 ky ) + h{T s - T air ) 


wr /m 



Insulation 


Absorber plate 


(0.87)(600 W/m 2 ) = (0.09X5.67 x 10~ 8 

T, = 346 K 


W/m 2 •K 4 )[(7’ v ) 4 


- (288 K) 4 


+ (10 W/m 2 -KX7; -298 K) 
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Special Topic: Solar Heat Gain through Windows 

12-66C ( a ) The spectral distribution of solar radiation beyond the earth’s atmosphere resembles the energy 
emitted by a black body at 5982°C, with about 39 percent in the visible region (0.4 to 0.7 pm), and the 52 
percent in the near infrared region (0.7 to 3.5 pm), (b) At a solar altitude of 41.8°, the total energy of direct 
solar radiation incident at sea level on a clear day consists of about 3 percent ultraviolet, 38 percent visible, 
and 59 percent infrared radiation. 


12-67C A window that transmits visible part of the spectrum while absorbing the infrared portion is ideally 
suited for minimizing the air-conditioning load since such windows provide maximum daylighting and 
minimum solar heat gain. The ordinary window glass approximates this behavior remarkably well. 


12-68C The solar heat gain coefficient (SHGC) is defined as the fraction of incident solar radiation that 
enters through the glazing. The solar heat gain of a glazing relative to the solar heat gain of a reference 
glazing, typically that of a standard 3 mm (1/8 in) thick double-strength clear window glass sheet whose 
SHGC is 0.87, is called the shading coefficient. They are related to each other by 


SC = 


Solar heat gain of product 
Solar heat gain of reference glazing 


SHGC 
SHGC ref 


^ = 1.15xSHGC 
0.87 


For single pane clear glass window, SHGC = 0.87 and SC = 1.0. 


12-69C The SC (shading coefficient) of a device represents the solar heat gain relative to the solar heat 
gain of a reference glazing, typically that of a standard 3 mm (1/8 in) thick double-strength clear window 
glass sheet whose SHGC is 0.87. The shading coefficient of a 3-mm thick clear glass is SC = 1.0 whereas 
SC = 0.88 for 3-mm thick heat absorbing glass. 


12-70C A device that blocks solar radiation and thus reduces the solar heat gain is called a shading device. 
External shading devices are more effective in reducing the solar heat gain since they intercept sun’s rays 
before they reach the glazing. The solar heat gain through a window can be reduced by as much as 80 
percent by exterior shading. Light colored shading devices maximize the back reflection and thus minimize 
the solar gain. Dark colored shades, on the other hand, minimize the back refection and thus maximize the 
solar heat gain. 


12-71C A low-e coating on the inner surface of a window glass reduces both the {a) heat loss in winter and 
( b ) heat gain in summer. This is because the radiation heat transfer to or from the window is proportional to 
the emissivity of the inner surface of the window. In winter, the window is colder and thus radiation heat 
loss from the room to the window is low. In summer, the window is hotter and the radiation transfer from 
the window to the room is low. 


12-72C Glasses coated with reflective films on the outer surface of a window glass reduces solar heat both 
in summer and in winter. 
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12-73 The net annual cost savings due to installing 
reflective coating on the West windows of a building 
and the simple payback period are to be determined. 

Assumptions 1 The calculations given below are for an 
average year. 2 The unit costs of electricity and natural 
gas remain constant. 

Analysis Using the daily averages for each month and 
noting the number of days of each month, the total solar 
heat flux incident on the glazing during summer and 
winter months are determined to be 

Ssoiar. summer = 4.24x30+ 4. 16x3 1+ 3.93x3 1+3.48x30 
= 482 kWh/year 



gsoiar. winter = 2.94x3 1+ 2.33x30+2.07x3 1+2.35x3 1+3.03x28+3.62x3 1+4.00x30 


Transmitted 


= 615 kWh/year 


Then the decrease in the annual cooling load and the increase in 
the annual heating load due to reflective film become 


Cooling load decrease j^solar, summer -<4 glazing (SHGCwithout film " SHGCwith film) 

= (482 kWh/year)(60 m 2 )(0.766-0.261) 


= 14,605 kWh/year 

Heating load increase = gsoiar, winter -^glazing (SHGC without film SHGC with film) 

= (615 kWh/year)(60 m 2 )(0. 766-0.261) 

= 18,635 kWh/year = 635.8 therms/year 


since 1 therm = 29.3 1 kWh. The corresponding decrease in cooling costs and increase in heating costs are 
Decrease in cooling costs = (Cooling load decrease)(Unit cost of electricity )/COP 

= (14,605 kWh/year)($0.09/kWh)/3.2 = $41 1/year 
Increase in heating costs = (Heating load increase)(Unit cost of fuel)/Efficiency 

= (635.8 therms/year)($0.45/therm)/0.80 = $358/year 
Then the net annual cost savings due to reflective films become 

Cost Savings = Decrease in cooling costs - Increase in heating costs = $411 -358 = $53/year 
The implementation cost of installing films is 

Implementation Cost = ($20/m 2 )(60 m 2 ) = $1200 
This gives a simple payback period of 


, . , Implementation cost $1200 

Simple payback period = : = = 23 years 

Annual cost savings $53/year 


Discussion The reflective films will pay for themselves in this case in about 23 years, which is 
unacceptable to most manufacturers since they are not usually interested in any energy conservation 
measure which does not pay for itself within 3 years. 
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12-74 A house located at 40°N latitude has ordinary double pane windows. The total solar heat gain of the 
house at 9:00, 12:00, and 15:00 solar time in July and the total amount of solar heat gain per day for an 
average day in January are to be determined. 

Assumptions The calculations are performed for an average day in a given month. 

Properties The shading coefficient of a double pane window with 6-mm thick glasses is SC = 0.82 (Table 
12-5). The incident radiation at different windows at different times are given as (Table 12-4) 


Month 

Time 

Solar radiation incident on the surface, W/m 

North 

East 

South 

West 

July 

9:00 

117 

701 

190 

114 

July 

12:00 

138 

149 

395 

149 

July 

15:00 

117 

114 

190 

701 

January 

Daily total 

446 

1863 

5897 

1863 


Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq. 12-57 to be 
SHGC = 0.87xSC = 0.87x0.82 = 0.7134 
The rate of solar heat gain is determined from 

Ssolargain — SHGC X x4gj az j n g x <7 so lar, incident — 0.7 134 X ^fgj az j n g x <7 solar, incident 

Then the rates of heat gain at the 4 walls at 3 different times in July become 
North wall : 

Ssolar gain, 9: o„ = 0 . 7 1 3 4 x ( 4 m : 2 ) X ( 1 1 7 W/m : 2 ) = 334 W 

Ssolar gain, 12:00 = 0. 7 1 34 x (4 m 2 ) x ( 1 3 8 W/m 2 ) = 394 W 

Ssolar gain, 1 5:00 = 0-7 1 34 X (4 III 2 ) X ( 1 1 7 W/m 2 ) = 334 W 
East wall’. 

Ssolar gain, 9:00 = 0.7 1 34 x (6 m 2 ) x (701 W/m 2 ) = 3001 W 

Ssolar gain, 12:00 = 0.7 134 x (6 m 2 ) x (149 W/m 2 ) = 638 W 

Ssolar gain, 15:00 = 0.7 1 34 x (6 m 2 ) x (1 14 W/m 2 ) = 488 W 
South wall’. 

Ssolar gam, 9:00 = 0. 7 1 34 x (8 m 2 ) X ( 1 90 W/m 2 ) = 1084 W 

Ssolar gain, 12:00 = 0.7 1 34 x (8 m 2 ) x (395 W/m 2 ) = 2254 W 

Ssolar gain, j 5: oo = « - 7 1 3 4 x (8 m 2 ) x ( 1 90 W/m 2 ) = 1 084 W 
West wall’. 

Ssolar gain, 9:00 = 0. 7 1 34 x (6 m 2 ) x ( 1 1 4 W/m 2 ) = 488 W 
Ssolar gain, 12:00 = 0.7 134 x (6 m 2 ) x (149 W/m 2 )= 638 W 

Ssolargain, 15:00 = 0-7 1 34 x (6 m 2 ) x (701 W/m 2 ) = 3001 W 

Similarly, the solar heat gain of the house through all of the windows in January is determined to be 
January: 

Ssolargain, North =0.7134x(4m 2 )x(446Wh/m 2 -day) = 1273 Wh/day 

Ssolargain, East =0.7134x(6m 2 )x(1863 Wh/m 2 -day) = 7974 Wh/day 

Ssolar gain, Sonth = 0.7 1 34 x (8 m 2 ) x (5897 Wh/m 2 -day) = 33,655 Wh/day 

Ssolar gain, West =0.7134 x (6 m 2 ) x (1863 Wh/m 2 - day) = 7974 Wh/day 
Therefore, for an average day in January, 

Ssolar gain per day = 1273 + 7974 + 33,655 + 7974 = 58,876 Wh/day = 58.9 kWh/day 
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12-75 A house located at 40° N latitude has gray-tinted double pane windows. The total solar heat gain of 
the house at 9:00, 12:00, and 15:00 solar time in July and the total amount of solar heat gain per day for an 
average day in January are to be determined. 

Assumptions The calculations are performed for an average day in a given month. 

Properties The shading coefficient of a gray-tinted double pane window with 6-mm thick glasses is SC = 
0.58 (Table 12-5). The incident radiation at different windows at different times are given as (Table 12-4) 


Month 

Time 

Solar radiation incident on the surface, W/m 

North 

East 

South 

West 

July 

9:00 

117 

701 

190 

114 

July 

12:00 

138 

149 

395 

149 

July 

15:00 

117 

114 

190 

701 

January 

Daily total 

446 

1863 

5897 

1863 


Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq. 11-57 to be 
SHGC = 0.87xSC = 0.87x0.58 = 0.5046 
The rate of solar heat gain is determined from 

^solargain — SHGC X ^4gi az j n g X # so i ar? j nc jd en t — 0.5046 X ^4gi az j n g X q solar, incident 

Then the rates of heat gain at the 4 walls at 3 different times in July become 
North wall : 

Alar gain, 9:00 = 0.5046x (4 m 2 ) x (1 17 W/m 2 ) = 236 W 

Alar gain, 12:00 = 0-5046 x (4 m 2 ) x (138 W/m 2 ) = 279 W 

Aargain, 15:00 = 0-5046 x (4 m 2 )x (1 17 W/m 2 ) = 236 W 
East wall’. 

Alar gain, 9:00 = 0-5046 x (6 m 2 ) x (701 W/m 2 ) = 2122 W 

Alargain, 12:00 = 0-5046 x (6 m 2 ) x (149 W/m 2 ) = 451 W 

Alar gain, 15:00 = 0.5 0 46 x (6 m 2 ) x (1 14 W/m 2 )= 345 W 
South wall: 

Alar gain, 9:00 = 0.5046x (8 m 2 ) x (190 W/m 2 ) = 767 W 

Alar gain, 12:00 = 0-5046 x (8 m 2 ) x (395 W/m 2 ) = 1595 W 

Alargain, 15:00 = 0-5046 x (8 m 2 ) x (190 W/m 2 ) = 767 W 
West wall: 

Alar gain, 9:00 = 0. 5046 x (6 m 2 ) X ( 1 1 4 W/m 2 ) = 345 W 
Alar gain, 12:00 = 0-5046 x (6 m 2 ) x (149 W/m 2 ) = 451 W 

Alargain, 15:00 = 0-5 0 46 x (6 m 2 ) x (70 1 W/m 2 ) = 2122 W 

Similarly, the solar heat gain of the house through all of the windows in January is determined to be 
January: 

Alar gain, North = 0.5046 x (4 m 2 ) x (446 Wh/m 2 • day) = 900 Wh/day 

Alar gain, East = 0.5046x(6m 2 )x(1863 Wh/m 2 ■ day) = 5640 Wh/day 

Alar gain, South = 0.5046 x (8 m 2 ) x (5897 Wh/m 2 - day) =23,805 Wh/day 

Alargain, West = 0.5046 x (6 m 2 ) x (1 863 Wh/m 2 -day) =5640 Wh/day 
Therefore, for an average day in January, 

0soiar gain per day = 900 + 5640 + 23,805 + 5640 = 35,985 Wh/day = 35.895 kWh/day 
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12-76 A building at 40° N latitude has double pane heat absorbing type windows that are equipped with 
light colored Venetian blinds. The total solar heat gains of the building through the south windows at solar 
noon in April for the cases of with and without the blinds are to be determined. 

Assumptions The calculations are performed for an “average” day in April, and may vary from location to 
location. 

Properties The shading coefficient of a double pane heat absorbing type windows is SC = 0.58 (Table 12- 
5). It is given to be SC = 0.30 in the case of blinds. The solar radiation incident at a South-facing surface at 
12:00 noon in April is 559 W/m 2 (Table 12-4). 

Analysis The solar heat gain coefficient (SHGC) of the windows without the blinds is determined from 
Eq. 12-57 to be 

SHGC = 0.87xSC = 0.87x0.58 = 0.5046 


Then the rate of solar heat gain through the window becomes 

^solar gain, no blinds — SHGC X ^4gi az j n g x q so i ai - 5 incident 


= 0.5046(130 m 2 )(559 W/m 2 ) 

= 36,670 W 


Venetian 

blinds 


In the case of windows equipped with Venetian blinds, 

the SHGC and the rate of solar heat gain become Light 

colored 

SHGC = 0.87xSC = 0.87x0.30 = 0.261 
Then the rate of solar heat gain through the window becomes 

£?solar gain, no blinds — SHGC X ^4gj az j n g X q so j ar ^ incident 

= 0.261(130 m 2 )(559 W/m 2 ) 

= 18,970 W 



Double- 

pane 

window 


Heat- 

absorbing 

glass 


Discussion Note that light colored Venetian blinds significantly reduce the solar heat, and thus air- 
conditioning load in summers. 
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12-77 A house has double door type windows that are double pane with 6.4 mm of air space and aluminum 
frames and spacers. It is to be determined if the house is losing more or less heat than it is gaining from the 
sun through an east window in a typical day in January. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 Solar data at 40° latitude 
can also be used for a location at 39° latitude. 


Properties The shading coefficient of a double pane window with 3-mm thick clear glass is SC = 0.88 
(Table 12-5). The overall heat transfer coefficient for double door type windows that are double pane with 
6.4 mm of air space and aluminum frames and spacers is 4.55 W/m .°C. (Table 9-6). The total solar 
radiation incident at an East-facing surface in January during a typical day is 1863 Wh/m (Table 12-4). 


Analysis The solar heat gain coefficient (SHGC) of the 
windows is determined from Eq. 12-57 to be 

SHGC = 0.87xSC = 0.87x0.88 = 0.7656 

Then the solar heat gain through the 
window per unit area becomes 

C^solargain — SHGC X ^fgi az j n g x # solar, daily total 

= 0.7656(1 m 2 )( 1863 Wh/m 2 ) 

= 1426 Wh = 1.426 kWh 


The heat loss through a unit area of the window 
during a 24-h period is 


Sloss, window ^loss, window ^ ^window ^window (^/ ^0, 


ave 


= (4.55 W/m 2 • °C)(1 m 2 )(22 - 10)°C(24 h) 

= 1310 Wh = 1.31 kWh 




)(1 day) 



Solar 

heat 

gain 


Therefore, the house is loosing less heat than it is gaining through the East windows during a typical day in 
January. 
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12-78 A house has double door type windows that are double pane with 6.4 mm of air space and aluminum 
frames and spacers. It is to be determined if the house is losing more or less heat than it is gaining from the 
sun through a South window in a typical day in January. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 Solar data at 40° latitude 
can also be used for a location at 39° latitude. 


Properties The shading coefficient of a double pane window with 3-mm thick clear glass is SC = 0.88 
(Table 12-5). The overall heat transfer coefficient for double door type windows that are double pane with 
6.4 mm of air space and aluminum frames and spacers is 4.55 W/m .°C (Table 9-6). The total solar 
radiation incident at a South-facing surface in January during a typical day is 5897 Wh/m (Table 12-5). 


Analysis The solar heat gain coefficient (SHGC) of 
the windows is determined from Eq. 12-57 to be 

SHGC = 0.87xSC = 0.87x0.88 = 0.7656 

Then the solar heat gain through the window per 
unit area becomes 


solar gain 


= 0.7656(1 m 2 )(5897 Wh/m 2 ) 

= 4515 Wh = 4.515 kWh 


The heat loss through a unit area of the window 
during a 24-h period is 


Sloss, window ^loss, window ^ ^window ^window ^0, 


ave 


= (4.55 W/m 2 • °C)(1 m 2 )(22 - 10)°C(24 h) 

= 1310 Wh = 1.31 kWh 



Solar 

heat 

gain 


Therefore, the house is loosing much less heat than it is gaining through the South windows during a 
typical day in January. 
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12-79E A house has 1/8-in thick single pane windows with aluminum frames on a West wall. The rate of 
net heat gain (or loss) through the window at 3 PM during a typical day in January is to be determined. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 The frame area relative 
to glazing area is small so that the glazing area can be taken to be the same as the window area. 

Properties The shading coefficient of a 1/8-in thick single pane window is SC = 1.0 (Table 12-5). The 
overall heat transfer coefficient for 1/8-in thick single pane windows with aluminum frames is 6.63 
W/m 2 .°C =1.17 Btu/h.ft 2 .°F (Table 9-6). The total solar radiation incident at a West-facing surface at 3 PM 
in January during a typical day is 557 W/m 2 =177 Btu/h.ft 2 (Table 12-4). 

Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq. 12-57 to be 
SHGC = 0.87xSC = 0.87x1.0 = 0.87 


The window area is : A w i ndow - (9 ft)( 1 5 ft) = 1 3 5 ft 2 

Then the rate of solar heat gain through 
the window at 3 PM becomes 

£?solar gain, 3 PM — SHGC X A gi az i n g x <7 solar, 3 PM 

= 0.87(135 ft 2 )(177 Btu/h.ft 2 ) 

= 20,789 Btu/h 

The rate of heat loss through the window at 3 PM is 

— TJ. A (T — T \ 

, window window window \ i 0 / 

= (1.17 Btu/h -ft 2 -°F)(135 ft 2 )(70 - 2( 
= 7898 Btu/h 




The house will be gaining heat at 3 PM since the solar heat gain is larger than the heat loss. The rate of net 
heat gain through the window is 

Qnet = 0solargain,3PM ” Gloss, window = 20,789-7898 = 12,890 Btu/h 


Discussion The actual heat gain will be less because of the area occupied by the window frame. 


12-80 A building located near 40° N latitude has equal window areas on all four sides. The side of the 
building with the highest solar heat gain in summer is to be determined. 

Assumptions The shading coefficients of windows on all sides of the building are identical. 

Analysis The reflective films should be installed on the side that receives the most incident solar radiation 
in summer since the window areas and the shading coefficients on all four sides are identical. The incident 
solar radiation at different windows in July are given to be (Table 12-5) 


Month 

Time 

2 

The daily total solar radiation incident on the surface, Wh/m 

North 

East 

South 

West 

July 

Daily total 

1621 

4313 

2552 

4313 


Therefore, the reflective film should be installed on the East or West windows (instead of the South 
windows) in order to minimize the solar heat gain and thus the cooling load of the building. 
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Review Problems 


12-81 The variation of emissivity of an opaque surface at a specified temperature with wavelength is given. 
The average emissivity of the surface and its emissive power are to be determined. 

Analysis The average emissivity of the surface can be 
determined from 


e*. I 


0.85+ 


s(T) = eJ A + f 2 (j\ ~f A ) + £3 (1 - f h ) 

where and / ^ are blackbody radiation functions 

corresponding to A X T and A 2 T . These functions are 
determined from Table 12-2 to be 

A{T = (2 //m)(1500 K) = 3000 jumK >f k = 0.273232 

A 2 T = (6 /m)(1500K) = 9000 jumK >f x = 0.890029 

and 2 2 6 

e = (0.0)(0.273232) + (0.85)(0.890029 - 0.273232) + (0.0)(1 - 0.890029) = 0.5243 
Then the emissive flux of the surface becomes 


X. urn 


E = eoT 4 =(0.5243)(5.67xl(T 8 W/m 2 .K 4 )(1500K) 4 =1 50,500 W/m 


12-82 The variation of transmissivity of glass with wavelength is given. The transmissivity of the glass for 
solar radiation and for light are to be determined. 


Analysis For solar radiation, T= 5800 K. The average 
transmissivity of the surface can be determined from 

r ( T ) = n A + r 2 (A, - A ) + ^3 (1 - A ) 


where / ^ and / ^ are blackbody radiation functions 

corresponding to A X T and A 2 T . These functions are 
determined from Table 12-2 to be 


0.85+ 


+7 = (0.35 /zm)(5800K) = 2030 jumK > + =0.071852 

A 2 T = (2.5 //m)(5800K) = 14,500 jumK > =0.966440 

and 


0.35 2.5 


■ > 

X. li m 


t = (0.0)(0.071852) + (0.85)(0.966440 -0.071852) + (0.0)(1 -0.966440) = 0.760 


For light, we take T= 300 K. Repeating the calculations at this temperature we obtain 


A{T = (0.35 //m)(300K) = 105 jua iK >+ = 0.00 

A 2 T = (2.5 jun i)(300 K) = 750 /anK = 0.000012 

r = (0.0)(0.00) + (0.85X0.000012 - 0.00) + (0.0)(1 - 0.000012) = 0.00001 
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12-83 A hole is drilled in a spherical cavity. The maximum rate of radiation energy streaming through the 
hole is to be determined. 

Analysis The maximum rate of radiation energy streaming through the hole is the blackbody radiation, and 
it can be determined from 

E = AaT 4 = ;r(0.0025 m) 2 (5.67 xl(T 8 W/m 2 .K 4 )(600K) 4 =0.144 W 
The result would not change for a different diameter of the cavity. 


12-84 The variation of absorptivity of a surface with wavelength is given. The average absorptivity of the 
surface is to be determined for two source temperatures. 


Analysis {a) T= 1000 K . The average absorptivity of 
the surface can be determined from 

a(T) = a 1 f 0 . Xi +a 2 f Xi _ h +a 3 f h . x 

= «i A + «2 (A - A ) + “3 (! - A ) 

where and f ^ are blackbody radiation functions 

corresponding to X{T and A 2 T , determined from 

A ] T = (0.3 //m)( 1 000 K) = 300 ju mK » f )y = 0.0 

T 2 r = (1.2 jum)( 1 000 K) = 1200 ju mK = 0.002134 



./o-i, = A i ~fo = A since A = 0 and , A-« = A - A since A = 1 • 


and, 

« = (0. 1)0. 0 + (0.8)(0. 002134-0. 0) + (0.0)(l-0. 002134) = 0.0017 


(a) r=3000 K . 


Ajr = (0.3 /m)(3000 K) = 900 //mK > f K = 0.000 169 

A 2 T = (1.2 //m)(3000 K) = 3600 //mK >f h = 0.403607 

a = (0. 1)0.000169 + (0.8)(0.403607 - 0.000169) + (0.0)(1 - 0.403607) = 0.323 
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12-85 The variation of absorptivity of a surface with wavelength is given. The surface receives solar 
radiation at a specified rate. The solar absorptivity of the surface and the rate of absorption of solar 
radiation are to be determined. 


Analysis For solar radiation, T= 5800 K. The solar 
absorptivity of the surface is 

A X T = (0.3 //m)(5800 K) = 1740 //mK — » f /{ =0.033454 
T 2 T = (1.2 //m)(5800 K) = 6960 //mK —> f h = 0.805713 

a = (0.1)0.033454 + (0.8)(0.805713 - 0.033454) 

+ (0.0)(1-0.805713) 

= 0.621 

The rate of absorption of solar radiation is determined from 
•^absorbed = a/ = 0.621(470 W/m 2 ) = 292 W/m 2 



12-86 The spectral transmissivity of a glass cover used in a solar collector is given. Solar radiation is 
incident on the collector. The solar flux incident on the absorber plate, the transmissivity of the glass cover 
for radiation emitted by the absorber plate, and the rate of heat transfer to the cooling water are to be 
determined. 


Analysis (a) For solar radiation, T= 5800 K. The 
average transmissivity of the surface can be determined 
from 


r(0 = n/a, + r 2 (/^ -f A ) + r 3 (1 - /^ ) 


where / ^ and / ^ are blackbody radiation functions 

corresponding to X x T and A 2 T . These functions are 
determined from Table 12-2 to be 


0.9 4- 


X x T = (0.3 //m)(5800K) = 1740 //mK > f A[ =0.033454 

?i 2 T = (3 //m)(5800 K) = 17,400 //mK > f h =0.978746 


and 


o 0.3 3 

r = (0.0X0.033454) + (0.9)(0.978746 -0.033454) + (0.0)(1 -0.978746) = 0.851 


> 

K uni 


Since the absorber plate is black, all of the radiation transmitted through the glass cover will be absorbed 
by the absorber plate and therefore, the solar flux incident on the absorber plate is same as the radiation 
absorbed by the absorber plate: 

£abs. plate = tI = 0.851(950 W/m 2 ) = 808.5 W/m 2 


(b) For radiation emitted by the absorber plate, we take T= 300 K, and calculate the transmissivity as 
follows: 


A X T = (0.3 //m)(300K) = 90 //mK >f 2[ =0.0 

A 2 T = (3 //m)(300 K) = 900 /m iK > f h = 0.000169 

r = (0.0)(0.0) + (0.9)(0.000169 - 0.0) + (0.0)(1 - 0.000169) = 0.0001 5 

(c) The rate of heat transfer to the cooling water is the difference between the radiation absorbed by the 
absorber plate and the radiation emitted by the absorber plate, and it is determined from 

Swater = (^solar “ ^room V = (0.85 1 - 0.000 15)(950 W/m 2 ) = 808.3 W/m 2 
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12-87 A small surface emits radiation. The rate of radiation energy emitted through a band is to be 
determined. 

Assumptions Surface A emits diffusely as a blackbody. 

Analysis The rate of radiation emission from a surface per unit surface 
area in the direction ( 0, (p) is given as 

dE = - = I e ( 6 , (/)) cosOsmO dO d(/) 

dA 

The total rate of radiation emission through the band 
between 40° and 50° can be expressed as 

p 2k p50 y 

E=\ / (0, 0) cos# sin 6 dO d(/) = (0.1 736#) = 3.5 cm 

J*=OJ0= 4° r=6 00 K 

ctT ^ 

= (0.1736/r) = 0.1736 oT 4 

n 

since the blackbody radiation intensity is constant (I b = constant), and 

2k p 50 f 50 

cos<9sin# dO dd = 2n\ cos 6 sin 0 dO = /r(sin 2 50 - sin 2 40) = 0.1736/r 

^=0 J 0=40 J 0 = 40 

Approximating a small area as a differential area, the rate of radiation energy emitted from an area of 3.5 
cm in the specified band becomes 

Q e = EdA = Q.\1?>6 gT a dA = 0.1736x(5.67 xl0~ 8 W/m 2 •K 4 )(600K) 4 (3.5xl0 4 m 2 ) = 0.446 W 



12-88 Solar radiation is incident on front surface of a plate. The equilibrium temperature of the plate is to 
be determined. 


Assumptions The plate temperature is uniform. 


Properties The solar absorptivity and emissivity of the 
surface are given to a s = 0.63 and s = 0.93. 

Analysis The solar radiation is 

^solar — ^direct ^ ^diffuse 

= (300 W/m 2 ) cos(30°) + 250 W/m 2 = 509.8 W/m 2 

The front surface is exposed to solar and sky radiation 
and convection while the back surface is exposed to 
convection and radiation with the surrounding surfaces. 
An energy balance can be written as 


Air 

Too = 5°C 
T* ky =- 33 °C 



^ in (7 out 

o^ s G solm +£aT sky 4 +so-T SUTr 4 =2 £ (tT s 4 +2h(T s -T 3ir ) 


T = 5 °C 

1 surr ^ 


Substituting, 

(0.63X509.8) + (0.93)(5.67 x 10^ 8 )(— 33 + 273) 4 + (0.93)(5.67 x 10^ 8 )(5 + 273) 4 
= 2(0.93)(5.67 xl0' 8 )J s 4 +2(20 W/m 2 -K )(T S -278) >T S = 281.7 K = 8.7°C 
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Fundamentals of Engineering (FE) Exam Problems 


12-89 Consider a surface at -5°C in an environment at 25°C. The maximum rate of heat that can be emitted 
from this surface by radiation is 

(a) 0 W/m 2 (b) 1 55 W/m 2 (c) 293 W/m 2 (d) 354 W/m 2 (e) 567 W/m 2 


Answer (c) 293 W/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


T=-5 [C] 

T_infinity=25 [C] 
sigma=5.67E-8 [W/m A 2-K A 4] 

EJ>=sigma*(T+273) A 4 

"Some Wrong Solutions with Common Mistakes" 

W1_E_b=sigma*T A 4 "Using C unit for temperature" 

W2_E_b=sigma*((T_infinity+273) A 4-(T+273) A 4) "Finding radiation exchange between the surface 
and the environment" 


12-90 The wavelength at which the blackbody emissive power reaches its maximum value at 300 K is 
(a) 5.1 pm (b) 9.7 pm (c) 15.5 pm (d) 38.0 pm (e) 73.1 pm 

Answer (b) 9.7 pm 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=300 [K] 

lambda*T=2897.8 [micrometer-K] "Wien's displacement law" 
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12-91 Consider a surface at 500 K. The spectral blackbody emissive power at a wavelength of 50 pm is 
(a) 1.54 W/m 2 pm (b) 26.3 W/m 2 -pm (c) 108.4 W/m 2 -pm (d) 2750 W/m 2 -pm (e) 8392 W/m 2 -pm 

Answer (a) 1.54 W/nr-pm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=500 [K] 

lambda=50 [micrometer] 

C1=3.742E8 [W-micrometer A 4/m A 2] 

C2=1.439E4 [micrometer-K] 

E_b_lambda=C1 /(lambda A 5*(exp(C2/(lambda*T))-1 )) 


12-92 A surface absorbs 10% of radiation at wavelengths less than 3 pm and 50% of radiation at 
wavelengths greater than 3 pm. The average absorptivity of this surface for radiation emitted by a source at 


3000 K is 

(a) 0.14 (b) 0.22 (c) 0.30 (d) 0.38 (e) 0.42 


Answer (a) 0.14 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Abs1=0.1 
Abs2=0.5 
T=3000 
Wave= 3 
LT=Wave*T 

FI =0.890029 "The radiation fraction corresponding to lamda-T = 9000, from Table 12-2" 
Abs =F1 *Abs1 +(1 -FI )*Abs2 
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12-93 Consider a 4-cm-diameter and 6-cm-long cylindrical rod at 1000 K. If the emissivity of the rod 
surface is 0.75, the total amount of radiation emitted by all surfaces of the rod in 20 min is 

(a) 43 kJ (b) 385 kJ (c) 434 kJ (d) 513 kJ (e) 684 kJ 


Answer (d) 513 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.04 [m] 

L=0.06 [m] 

T=1 000 [K] 
epsilon=0.75 
time=20*60 [s] 
sigma=5.67E-8 [W/m A 2-K A 4] 

A_s=2*pi*D A 2/4+pi*D*L 

q_dot_emission=epsilon*sigma*T A 4 

Q_emission=Q_dot_emission*A_s*time 

"Some Wrong Solutions with Common Mistakes" 

W1_Q_emission=q_dot_emission "Using rate of emission as the answer" 
W2_A_s=pi*D*L "Ignoring bottom and top surfaces of the rod" 
W2_Q_emission=q_dot_emission*W2_A_s*time 

W3_q_dot_emission=sigma*T A 4 "Assuming the surface to be a blackbody" 
W3_Q_emission=W3_q_dot_emission*A_s*time 


12-94 Solar radiation is incident on a semi-transparent body at a rate of 500 W/m . If 150 W/nr of this 
incident radiation is reflected back and 225 W/m is transmitted across the body, the absorptivity of the 
body is 

(a) 0 (b) 0.25 (c) 0.30 (d) 0.45 (e) 1 


Answer (b) 0.25 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

G=500 [W/m A 2] 

G_ref=150 [W/m A 2] 

G_tr=225 [W/m A 2] 

G_abs=G-G_ref-G_tr 

alpha=G_abs/G 

"Some Wrong Solutions with Common Mistakes" 

W1_alpha=G_ref/G "Definition for reflectivity" 

W2_alpha=G_tr/G "Definition for transmissivity" 
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2 

12-95 Solar radiation is incident on an opaque surface at a rate of 400 W/m . The emissivity of the surface 
is 0.65 and the absorptivity to solar radiation is 0.85. The convection coefficient between the surface and 
the environment at 25°C is 6 W/m -°C. If the surface is exposed to atmosphere with an effective sky 
temperature of 250 K, the equilibrium temperature of the surface is 

(a) 281 K (b) 298 K (c) 303 K (d)317K (e) 339 K 


Answer (d) 3 1 7 K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


G_solar=400 [W/m A 2] 
epsilon=0.65 
alpha_s=0.85 
h=6 [W/m A 2-C] 

T_infinity=25[C]+273 [K] 

T_sky=250 [K] 
sigma=5.67E-8 [W/m A 2-K A 4] 

E_in=E_out 

E_in=alpha_s*G_solar+epsilon*sigma*T_sky A 4 

E_out=epsilon*sigma*T_s A 4+h*(T_s-T_infinity) 

"Some Wrong Solutions with Common Mistakes" 
W1_E_in=W1_E_out "Ignoring atmospheric radiation" 

W1 _E_in=alpha_s*G_solar 

W1_E_out=epsilon*sigma*W1_T_s A 4+h*(W1_T_s-TJnfinity) 
W2_E_in=W2_E_out "Ignoring convection heat transfer" 
W2_EJn=alpha_s*G_solar+epsilon*sigma*T_sky A 4 
W2_E_out=epsilon*sigma*W2_T_s A 4 
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12-96 A surface is exposed to solar radiation. The direct and diffuse components of solar radiation are 350 
and 250 W/m , and the direct radiation makes a 35° angle with the normal of the surface. The solar 
absorptivity and the emissivity of the surface are 0.24 and 0.41, respectively. If the surface is observed to 
be at 3 15 K and the effective sky temperature is 256 K, the net rate of radiation heat transfer to the surface 
is 

(a) -129 W/m 2 (b) -44 W/m 2 (c) 0 W/m 2 (d) 129 W/m 2 (e) 537 W/m 2 

Answer (c) 0 W/m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


G_direct=350 [W/m A 2] 

G_diffuse=250 [W/m A 2] 
theta=35 [degrees] 
alpha_s=0.24 
epsilon=0.41 
T_s=31 5 [K] 

T_sky=256 [K] 
sigma=5.67E-8 [W/m A 2-K A 4] 

G_solar=G_direct*cos(theta)+G_diffuse 

q_dot_net=alpha_s*G_solar+epsilon*sigma*(T_sky A 4-T_s A 4) 

"Some Wrong Solutions with Common Mistakes" 

W1_q_dot_net=G_solar "Using solar radiation as the answer" 
W2_q_dot_net=alpha_s*G_solar "Using absorbed solar radiation as the answer" 
W3_q_dot_net=epsilon*sigma*(T_sky A 4-T_s A 4) "Ignoring solar radiation" 


12-97 A surface at 300°C has an emissivity of 0.7 in the wavelength range of 0-4.4 pm and 0.3 over the 
rest of the wavelength range. At a temperature of 300°C, 19 percent of the blackbody emissive power is in 
wavelength range up to 4.4 pm. The total emissivity of this surface is 

(a) 0.300 (b) 0.376 (c) 0.624 (d) 0.70 (e) 0.50 

Answer (b) 0.376 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


f=0.19 

e1=0.7 

e2=0.3 

e=f*e1+(1-f)*e2 


12-98 12-99 Design and Essay Problems 
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Chapter 13 

RADIATION HEAT TRANSFER 


13-1 


View Factors 

13-1C The view factor F^j represents the fraction of the radiation leaving surface i that strikes surface j 
directly. The view factor from a surface to itself is non-zero for concave surfaces. 

13-2C The pair of view factors • and F-^ t are related to each other by the reciprocity rule 

AjFjj = AjFji where Af is the area of the surface i and Aj is the area of the surface j. Therefore, 

A\F\2 = A 2 F 2 \ >F n =-j~F 2[ 

A 

N 

13-3C The summation rule for an enclosure and is expressed as ^ F^j = 1 where N is the number of 

7=1 

surfaces of the enclosure. It states that the sum of the view factors from surface i of an enclosure to all 
surfaces of the enclosure, including to itself must be equal to unity. 

The superposition rule is stated as the view factor from a surface i to a surface j is equal to the 
sum of the view factors from surface i to the parts of surface y, F x ^ 2 , 3 ) = F x ^ 2 + ^i ->3 • 


13-4C The cross-string method is applicable to geometries which are very long in one direction relative to 
the other directions. By attaching strings between comers the Crossed-Strings Method is expressed as 


f ^j = 


^ Crossed strings - ^ Uncrossed strings 


2 x string on surface i 


13-5 An enclosure consisting of eight surfaces is considered. The 
number of view factors this geometry involves and the number of 
these view factors that can be determined by the application of the 
reciprocity and summation rules are to be determined. 


• 2 2 

Analysis An eight surface enclosure (N = 8) involves N =8 =64 


view factors and we need to determine 


A(A-l) 8(8-1) 


= 28 view 


2 2 

factors directly. The remaining 64 - 28 = 36 of the view factors can be 
determined by the application of the reciprocity and summation mles. 


2 
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13-6 An enclosure consisting of five surfaces is considered. The 
number of view factors this geometry involves and the number of 
these view factors that can be determined by the application of the 
reciprocity and summation rules are to be determined. 


2 2 

Analysis A five surface enclosure (N=5) involves N = 5 = 25 


view factors and we need to determine 


A(A-l) 5(5-1) 


2 


2 


= 10 


view factors directly. The remaining 25-10 = 15 of the view 
factors can be determined by the application of the reciprocity and 
summation rules. 



13-7 An enclosure consisting of twelve surfaces 
is considered. The number of view factors this 
geometry involves and the number of these view 
factors that can be determined by the application 
of the reciprocity and summation rules are to be 
determined. 


Analysis A twelve surface enclosure (N=12) 

2 2 

involves N = 12 =144 view factors and we 


need to determine 


N(N-l) 

2 


12 ( 12 - 1 ) _ 66 
2 


view factors directly. The remaining 144-66 = 78 
of the view factors can be determined by the 
application of the reciprocity and summation 
rules. 



13-8 The view factors between the rectangular surfaces shown in the figure are to be determined. 
Assumptions The surfaces are diffuse emitters and reflectors. 

Analysis From Fig. 13-6, 


and 


L 

■ = - = 0.33 

w 

3 

Lx 

1 „ _ 

= - = 0.33 

w 

3 

^3 

- = - = 0.33 

w 

3 

L x 

+ L 2 _ 2 _ 


■F 3l =0.27 


W 


'^3-ki+2) - 0-32 


W= 3 m 



We note that A j = A 3 . Then the reciprocity and superposition rules gives 
A 1 / 7 13 = A 3 F 3l >F l3 =F 31 = 0.27 

^3->(i+2) = ^3i + ^32 > 0.32 = 0.27 + F 32 >F 32 =0.05 

Finally, A 2 = A 3 >F 23 = F 32 = 0.05 
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13-9 A cylindrical enclosure is considered. The view factor from the side surface of this cylindrical 
enclosure to its base surface is to be determined. 

Assumptions The surfaces are diffuse emitters and reflectors. 

Analysis We designate the surfaces as follows: 

Base surface by (1), 

top surface by (2), and 

side surface by (3). 

Then from Fig. 13-7 


L 4r, 


= 4 


r 2 r 2 


— = — = 0.25 
L 4 a 


F \2 — ^21 — 0-05 



summation rule : F n + F n + F u =1 


0 + 0.05 + 7^3 =1 " 

>F X3 -0.95 

reciprocity rule '-A X F U = A 3 F 3X 

A, 

->^31 ~ A ^13 

A , 


7tT\ 


L=2D=4r 


2 m\L 


Fn= A- Fj 3 =3(0.95) = 0.1 19 




8 


Discussion This problem can be solved more accurately by using the view factor relation from Table 13-1 
to be 

r, r, 

R } = — = -A— = 0.25 
L 4r, 


r 9 

r 2 =—= 


L 4r~ 


= 0.25 


5 = 1 + 


1 + 7?. 


= 1 + 


1 + 0.25 


= 18 


7?, 


0.25 




5- 


5 2 -4 


v+y 


n 0.5 




18- 


18 2 -4 


\ 2 


vL 


n 0.5 


= 0.056 


F 13 = 1-F 12 =1-0.056 = 0.944 
reciprocity rule : A x F n = A 3 F 3X — 


=^F 13 =JV I3 =^V^ 13 =1(0.944) = 0.1 18 


A 


A 


8 
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13-4 


13-10 A semispherical furnace is considered. The view factor from the dome of this furnace to its flat base 
is to be determined. 

Assumptions The surfaces are diffuse emitters and reflectors. 

Analysis We number the surfaces as follows: 

(1) : circular base surface 

(2) : dome surface 
Surface (1) is flat, and thus F u = 0 . 

Summation rule : F x j + F n = 1 — » F n = 1 



nD 


A, 


A, 


reciprocity rule : AjF 12 = A 2 F 2l >^ 21 = — ~F n = — — (1) = 


1 


A> 


A- 


7lD 


— = — = 0.5 
2 2 


2 


13-11 Two view factors associated with three very long ducts with 
different geometries are to be determined. 

Assumptions 1 The surfaces are diffuse emitters and reflectors. 2 End 
effects are neglected. 

Analysis (a) Surface (1) is flat, and thus F n = 0 . 
summation rule : F x x + F n = 1 — > F n = 1 

Ax _ Ds 



reciprocity rule : A \F n = A 2 F : 


21 


■*^21 “ 




F n= r 


nD 


(1) = — = 0.64 
n 


(b) Noting that surfaces 2 and 3 are symmetrical and thus 
F\ 2 = -^13 j the summation rule gives 


^11 + ^12 + ^13 “ 1 


^0 + F 12 + F u - 1 


-> F u = 0.5 


Also by using the equation obtained in Example 13-4, 
L x +L 2 -L 3 a-\-b-b a 1 


F n = 


2 L x 2 a 


reciprocity rule : A x F n = A 2 F 


21 


= — = 0.5 

2 a 2 

Ax a 

* F 2 \ = —f X2 = — 
A 2 b 


f 1 \ 




2b 


(c) Applying the crossed-string method gives 

(L 5 + L 6 )-(L 3 +L 4 ) 


Lx = b 


F\2 ~ ^2\ ~ 


2 Lx 


2L 2 + b 2 -2b 

2 a 


V 


a 2 +b 


Li — a 




La = b 


L\ = a 
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13-5 


13-12 View factors from the very long grooves shown in the figure to the surroundings are to be 
determined. 

Assumptions 1 The surfaces are diffuse emitters and reflectors. 2 End effects are neglected. 


Analysis (a) We designate the circular dome surface by (1) and the imaginary flat top surface by (2). 
Noting that (2) is flat, 



(b) We designate the two identical surfaces of length b by (1) and (3), and the imaginary flat top surface by 
(2). Noting that (2) is flat, 



(c) We designate the bottom surface by (1), the side surfaces 
by (2) and (3), and the imaginary top surface by (4). Surface 4 
is flat and is completely surrounded by other surfaces. 
Therefore, F 44 = 0 and F 4 ^ (1+2+3) = 1 . 


reciprocity rule : A 4 F 4 ^ (1+2+3) = ^ ( 1 + 2 + 3 ) F (1+2+3) ^ 4 


-^(1+2+3)— >4 “ -^(1+2+3)— >swr 


( 1 ) = 


l (l+2+3) 


a + 2b 



13-13 The view factors from the base of a cube to each of the 
other five surfaces are to be determined. 

Assumptions The surfaces are diffuse emitters and reflectors. 

Analysis Noting that L x / D = L 2 / D = 1, from Fig. 13-6 we read 

F n = 0.2 

Because of symmetry, we have 

F\2 ~ F\ 3 = F X4 = F\ 5 = F\ 6 = 0.2 
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13-6 


13-14 The view factor from the conical side surface to a hole located at the center of the base of a conical 
enclosure is to be determined. 


Assumptions The conical side surface is diffuse emitter and reflector. 

Analysis We number different surfaces as 

the hole located at the center of the base (1) 

the base of conical enclosure (2) 

conical side surface (3) 

Surfaces 1 and 2 are flat, and they have no direct view of each other. 
Therefore, 

F\ 1 - ^22 = F\2 = F 2 \ - o 


summation rule : F } } + F l2 + F l3 = 1 
reciprocity rule : AjF 13 = A 3 F 3l 


^ 13=1 


7id 


( 1 )- 


7iDh 


F 


31 


*•^31 - 


2Dh 



13-15 The four view factors associated with an enclosure formed by two very long concentric cylinders are 
to be determined. 

Assumptions 1 The surfaces are diffuse emitters and reflectors. 2 End effects are neglected. 

Analysis We number different surfaces as 

the outer surface of the inner cylinder (1) 
the inner surface of the outer cylinder (2) 

No radiation leaving surface 1 strikes itself and thus F x 1 = 0 

All radiation leaving surface 1 strikes surface 2 and thus F l2 = 1 



reciprocity rule : 
summation rule : 


^\F\i - a 2 f 2X > F 1 \ - -j- 

a 2 

F 2 \ + f 22 = 1 > F 22 =1 -F 2X 


F\ 2 - 


= 1 


7tD x h 

7iD 2 h 

Di 


( 1 ) 
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13-7 


3 m 


13-16 The view factors between the rectangular surfaces shown in the figure are to be determined. 
Assumptions The surfaces are diffuse emitters and reflectors. 

Analysis We designate the different surfaces as follows: 
shaded part of perpendicular surface by (1), 
bottom part of perpendicular surface by (3), 
shaded part of horizontal surface by (2), and 
front part of horizontal surface by (4). 

(a) From Fig. 13-6 


Ll 

w 

A 

w 


3 

3 


L 


F 23 =0.25 and 


W 

Ll 

w 


2 

3 

l_ 

3 


F 


2-K1+3) 



superposition rule : / 7 2 ^ (1+3) = F 1X + F 2 3 — 

reciprocity rule : A l = A 2 > A X F X2 - A 2 F 2l 

(b) From Fig. 13-6, 


* ^21 “ -^2— >(i+3) ^23 — 0.32 0.25 -0.07 


^- = - and 
W 3 




and 


F l2 - F 2X - 0.07 


^=2 and — 
W 3 W 




(4+2) — >(1+3) 


= 0.22 


superposition rule: F (4+2) ^ (1+3) =F ( 4+2) ^ x +F (4+2) _ >3 
reciprocity rule: A {4+2) F {4+2) ^ X = A x F x ^ (4+2) 


4F, 


A 


(4+2) 


■» F {4+2) ^ x = 0.22 -0.15 = 0.07 


3 m 


1— >(4+2) 


Ay 


+(4+2)->i = — (0.07) = 0.14 


superposition rule : F x ^ 4+2 ^ - F X4 + F X2 

> F l4 =0.14-0.07 = 0.07 

since F X2 = 0.07 (from part a). Note that F X4 in part ( b ) is 
equivalent to F X2 in part ( a ). 

(c) We designate 

shaded part of top surface by (1), 
remaining part of top surface by (3), 
remaining part of bottom surface by (4), and 
shaded part of bottom surface by (2). 

From Fig. 13-5, 


L 


D 

hL 

D 


2 

2 

2 

2 


L 


■^( 2 + 4 )-ki+ 3 ) = °- 20 and 


D 

D 


2 

2 

1 

2 


F X4 =0.12 


superposition rule : F (2+4) ^ (1+3) =F (2+4) ^ X + F (2+4) ^ 3 
symmetry rule : F (2+4) ^ x = F (2+4) _^ 3 
Substituting symmetry rule gives 


^(2+4)— >1 “ ^(2+4)->3 


■^(2+4)— >(1+3) 0.20 


= 0.10 



2 m 


1 m 


1 m 




2 m 


in 


N 1 


(3) 


(4) 


m 


1 m 


( 2 ) 


reciprocity rule: A x F x ^ (2+4) = A (2+4) F {2+4) _+ x 


4(2)F 1 _ >(2+4) =(4)(0.10) 


-^ 1 — >( 2 + 4 ) - 0.20 


superposition rule : F x ^ 2+4 ^ = F X2 + F X4 


■> 0.20 = F X2 +0.12 


>F X2 = 0.20-0.12 = 0.08 
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13-8 


13-17 The view factor between the two infinitely long parallel cylinders located a distance s apart from 
each other is to be determined. 


Assumptions The surfaces are diffuse emitters and reflectors. 

Analysis Using the crossed-strings method, the view factor 
between two cylinders facing each other for s/D > 3 is 
determined to be 


or 


Fl-2 = 


^ Crossed strings - ^ Uncrossed strings 
2 x String on surface 1 


2yjs 2 +D 2 -2s 
2(tiD / 2 ) 


F\-l = 


2(7 


s 2 +D 2 


7rD 



13-18 Three infinitely long cylinders are located parallel to 
each other. The view factor between the cylinder in the middle 
and the surroundings is to be determined. 

Assumptions The cylinder surfaces are diffuse emitters and 
reflectors. 

Analysis The view factor between two cylinder facing each 
other is, from Prob. 13-17, 


(surr) 


F \-2 ~ 


2 (V 


2 , r>2 

s + D -s 


nD 


Noting that the radiation leaving cylinder 1 that does not 
strike the cylinder will strike the surroundings, and this 
is also the case for the other half of the cylinder, the 
view factor between the cylinder in the middle and the 
surroundings becomes 


^1 -surr ~ 1 ^F x _2 - 1 


a 


41 V.? 2 +D 2 -s 



nD 
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13-9 


Radiation Heat Transfer between Surfaces 

13-19C The analysis of radiation exchange between black surfaces is relatively easy because of the 
absence of reflection. The rate of radiation heat transfer between two surfaces in this case is expressed as 

Q = A x F n <j(T 4 -T 2 4 ) where A x is the surface area, F u is the view factor, and T x and T 2 are the 
temperatures of two surfaces. 


13-20C Radiosity is the total radiation energy leaving a surface per unit time and per unit area. Radiosity 
includes the emitted radiation energy as well as reflected energy. Radiosity and emitted energy are equal 
for blackbodies since a blackbody does not reflect any radiation. 


13-2 1C Radiation surface resistance is given as R t = 


i-g» 

A i £ t 


and it represents the resistance of a surface to 


the emission of radiation. It is zero for black surfaces. The space resistance is the radiation resistance 
between two surfaces and is expressed as Ry = 


A i F y 


13-22C The two methods used in radiation analysis are the matrix and network methods. In matrix method, 
equations 13-34 and 13-35 give N linear algebraic equations for the determination of the N unknown 
radiosities for an N -surface enclosure. Once the radiosities are available, the unknown surface 
temperatures and heat transfer rates can be determined from these equations respectively. This method 
involves the use of matrices especially when there are a large number of surfaces. Therefore this method 
requires some knowledge of linear algebra. 

The network method involves drawing a surface resistance associated with each surface of an 
enclosure and connecting them with space resistances. Then the radiation problem is solved by treating it 
as an electrical network problem where the radiation heat transfer replaces the current and the radiosity 
replaces the potential. The network method is not practical for enclosures with more than three or four 
surfaces due to the increased complexity of the network. 


13-23C Some surfaces encountered in numerous practical heat transfer applications are modeled as being 
adiabatic as the back sides of these surfaces are well insulated and net heat transfer through these surfaces 
is zero. When the convection effects on the front (heat transfer) side of such a surface is negligible and 
steady-state conditions are reached, the surface must lose as much radiation energy as it receives. Such a 
surface is called reradiating surface. In radiation analysis, the surface resistance of a reradiating surface is 
taken to be zero since there is no heat transfer through it. 
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13-10 


13-24 A solid sphere is placed in an evacuated equilateral triangular enclosure. The view factor from the 
enclosure to the sphere and the emissivity of the enclosure are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 


Properties The emissivity of sphere is given to be S\ = 0.45. 

Analysis ( a ) We take the sphere to be surface 1 and the 
surrounding enclosure to be surface 2. The view factor from 
surface 2 to surface 1 is determined from reciprocity relation: 

A, = kD 2 = 7t(l m) 2 =3. 142m 2 

A 2 =3 Vi 2 - D 2 ^ = 3^/(2 m) 2 -(lm) 2 — = 5.196m 2 

^ 1^12 = ^ 2-^21 
(3.142)(1) = (5.196)F 21 

F 2X = 0.605 


T\ = 500 K 



(b) The net rate of radiation heat transfer can be expressed for this two-surface enclosure to yield the 
emissivity of the enclosure: 


Q = 


rrlTi 4 — r 2 4 


!-*i 


1 


l-£ 


Mi 


A -^12 




2°2 


3100 W = 


(5.67 xl0“ 8 W/m 2 ^^(sOOK) 4 -(380 


1-0.45 


l-£ 


(3.142 m 2 )(0.45) (3.142m 2 )(l) (5.196m 2 )£- 2 


s 2 = 0.78 
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13-11 


13-25 Radiation heat transfer occurs between a sphere and a circular disk. The view factors and the net rate 
of radiation heat transfer for the existing and modified cases are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 


Properties The emissivities of sphere and disk are given to be S\ = 0.9 and s 2 = 0.5, respectively. 

Analysis (a) We take the sphere to be surface 1 and the disk to be surface 2. The view factor from surface 1 
to surface 2 is determined from 




- 

r .. \ 

V 

o 

II 

<N 

1- 

1 + 

^ 


-0.5 


= 0.5 


1- 


1 + 


/ 1.2m a2 


0.60 m 


-0.5 


0.2764 


The view factor from surface 2 to surface 1 is 
determined from reciprocity relation: 

A x = 4m-{ =4ff(0.3m) 2 = 1.131m 2 

A 2 — 7U~2 ~ = 7T (1.2 m) 2 = 4.524 m 2 
A x F n = A 2 F 2 x 
(1.131)(0.2764) = (4.524)^ 21 

F 2l = 0.0691 



(b) The net rate of radiation heat transfer between the surfaces can be determined from 


Q = 


a\T x 4 -T 2 


(5.67 x 1(T 8 W/m 2 • K 4 ) (873 K) 4 - (473 K) 


l“£l 


1 


4*1 


4^12 


1~*2 

4*2 


1-0.9 


1-0.5 


= 8550 W 


(1.131 m 2 )(0.9) (1.131 m 2 )(0.2764) (4.524 m 2 )(0.5) 


(c) The best values are s x = s 2 — 1 and h = r x = 0.3 m . Then the view factor becomes 


•^12 ~ 0-5 


1- 


1 + 


r ^ 2 

LL 

v h j 


n-0.5 


= 0.5 


1- 


1 + 


r 1.2m 


n-0.5 


0.30 m 


\ - 0.3787 


The net rate of radiation heat transfer in this case is 

Q = A x F n c>^ 4 -r 2 4 )=(1.131m 2 )(0.3787)(5.67xl(r 8 W/m 2 -K 4 )[(873 K) 4 -(473 K) 4 ]= 12,890 W 
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13-12 


13-26E Top and side surfaces of a cubical furnace are black, and are maintained at uniform temperatures. 
Net radiation heat transfer rate to the base from the top and side surfaces are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities are given to be e — 0.7 for the bottom surface and 1 for other surfaces. 

Analysis We consider the base surface to be surface 1, the top surface to be surface 2 and the side surfaces 
to be surface 3. The cubical furnace can be considered to be three-surface enclosure. The areas and 
blackbody emissive powers of surfaces are 

A, =A 2 = (10 ft) 2 =100 ft 2 A 3 =4(1 Oft) 2 = 400 ft 2 

E hl = oT x 4 = (0.1714xl0~ 8 Btu/h.ft 2 .R 4 )(800 R) 4 = 702 Btu/h.ft 2 

E bi =° T 2 4 = (0.1714xl0~ 8 Btu/h.ft 2 .R 4 )(1600R) 4 = 1 1,233 Btu/h.ft 2 

E hi = <jT 3 = (0.1714xl0~ 8 Btu/h.ft 2 .R 4 )(2400 R) 4 = 56,866 Btu/h.ft 2 

The view factor from the base to the top surface of the cube is 
F x 2 - 0.2 . From the summation rule, the view factor from the 

base or top to the side surfaces is 

F u + F U +F U =1 >F U =1 -F n =1-0.2 = 0.8 

since the base surface is flat and thus F xx = 0 . Then the radiation resistances become 

R { =— + = — F- = 0.0043 ft' 2 R n =— — = \ = 0.0500 ft' 2 

4*1 (100 ft")(0.7) 4 F 12 (100 ft 2 )(0.2) 

R u = F— = \ = 0.0125 ft’ 2 

4F U (100 ft 2 )(0.8) 

Note that the side and the top surfaces are black, and thus their radiosities are equal to their emissive 
powers. The radiosity of the base surface is determined 



s x = 0.7 


E b\ | E bl | _ Q 


R 


Ri 


Ri 


Substituting, 


'12 13 

702 -J x 1 1,233 -Jj 56,866 -Jj 


= 0 = 15,054 W/m 


0.0043 0.05 0.0125 

(a) The net rate of radiation heat transfer between the base and the side surfaces is 

F b3 - J ± = (56, 866-15, 054) Btu/h.ft 2 =3 345x10 6 Btu/h 


031 


R 


13 


0.0125 ft 


-2 


( b ) The net rate of radiation heat transfer between the base and the top surfaces is 
J\ ~ E bi (15,054 -11,233) Btu/h.ft 2 


Qn 


R 


12 


0.05 ft 


-2 


7.642x10 Btu/h 


The net rate of radiation heat transfer to the base surface is finally determined from 
Q x =Q 2X +2 3 i = -76,420 + 3,344,960 = 3.269x10 6 Btu/h 
Discussion The same result can be found form 




05,054-702)8^ 6 


0.0043 ft 


-2 


The small difference is due to round-off error. 
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13-13 


13-27E EES Prob. 13-26E is reconsidered. The effect of base surface emissivity on the net rates of 
radiation heat transfer between the base and the side surfaces, between the base and top surfaces, and to the 
base surface is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
a=10 [ft] 
epsilon_1=0.7 
T_1=800 [R] 

T_2=1 600 [R] 

T_3=2400 [R] 

"ANALYSIS" 

sigma=0.1714E-8 [Btu/h-ft A 2-R A 4] “Stefan-Boltzmann constant" 

"Consider the base surface 1, the top surface 2, and the side surface 3" 

E_b1=sigma*T_1 A 4 

E_b2=sigma*T_2 A 4 

E_b3=sigma*T_3 A 4 

A_1=a A 2 

A_2=A_1 

A_3=4*a A 2 

F_1 2=0.2 "view factor from the base to the top of a cube" 

F 1 1 +F 1 2+F 1 3=1 "summation rule" 

F_1 1=0 "since the base surface is flat" 

R_1 =(1 -epsilon l )/(A_1 *epsilon_1 ) "surface resistance" 

R_1 2= 1 /(A_1 *F_1 2) "space resistance" 

R_13=1/(A_1*F_13) "space resistance" 

( E b 1 - J 1 )/R 1 +(E_b2-J_1 )/R_1 2+(E_b3-J_1 )/R_1 3=0 "J_1 : radiosity of base surface" 

"(a)" 

Q_dot_31 =(E_b3-J_1 )/R_1 3 
"(b)" 

Q_dot_1 2=(J 1 -E_b2)/R_1 2 

Q_dot_2 1 =-Q_dot_1 2 
Q dot 1=Q dot 21 +Q dot 31 


£1 

Q31 [Btu/h] 

Q 12 [Btu/h] 

Q! [Btu/h] 

0.1 

1.106E+06 

636061 

470376 

0.15 

1.295E+06 

589024 

705565 

0.2 

1.483E+06 

541986 

940753 

0.25 

1.671E+06 

494948 

1.176E+06 

0.3 

1.859E+06 

447911 

1.41 1E+06 

0.35 

2.047E+06 

400873 

1.646E+06 

0.4 

2.235E+06 

353835 

1.882E+06 

0.45 

2.423E+06 

306798 

2.1 17E+06 

0.5 

2.612E+06 

259760 

2.352E+06 

0.55 

2.800E+06 

212722 

2.587E+06 

0.6 

2.988E+06 

165685 

2.822E+06 

0.65 

3.176E+06 

118647 

3.057E+06 

0.7 

3.364E+06 

71610 

3.293E+06 

0.75 

3.552E+06 

24572 

3.528E+06 

0.8 

3.741E+06 

-22466 

3.763E+06 

0.85 

3.929E+06 

-69503 

3.998E+06 

0.9 

4.1 17E+06 

-116541 

4.233E+06 
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13-15 


13-28 Two very large parallel plates are maintained at uniform 
temperatures. The net rate of radiation heat transfer between the 
two plates is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces 
are opaque, diffuse, and gray. 3 Convection heat transfer is not 
considered. 



Properties The emissivities c of the plates are given to be 0.5 and 
0.9. 


Analysis The net rate of radiation heat transfer between the two 
surfaces per unit area of the plates is determined directly from 


012 o-(7T -r 2 4 ) (5.67 xio -8 W/m 2 -K 4 )[(600K) 


A. 


1 1 

— + — 

5*1 e 2 


1 


1 


1 


0.5 0.9 


1 


T 2 = 400 K 



-(400 K) 4 ] 


= 2793 W/m 2 
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13-16 


13-29 EES Prob. 13-28 is reconsidered. The effects of the temperature and the emissivity of the hot plate 
on the net rate of radiation heat transfer between the plates are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_1=600 [K] 

T_2=400 [K] 

epsilon_1=0.5 

epsilon_2=0.9 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 
"ANALYSIS" 

q_dot_12=(sigma*(T_1 A 4-T_2 A 4))/(1/epsilon_1 + 1/epsilon_2-1 ) 


T, |K] 

Qn [W/m 2 ] 

500 

991.1 

525 

1353 

550 

1770 

575 

2248 

600 

2793 

625 

3411 

650 

4107 

675 

4888 

700 

5761 

725 

6733 

750 

7810 

775 

9001 

800 

10313 

825 

11754 

850 

13332 

875 

15056 

900 

16934 

925 

18975 

950 

21188 

975 

23584 

1000 

26170 



£i 

q 12 [W/m 2 ] 

0.1 

583.2 

0.15 

870 

0.2 

1154 

0.25 

1434 

0.3 

1712 

0.35 

1987 

0.4 

2258 

0.45 

2527 

0.5 

2793 

0.55 

3056 

0.6 

3317 

0.65 

3575 

0.7 

3830 

0.75 

4082 

0.8 

4332 

0.85 

4580 

0.9 

4825 
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13-17 


13-30 The base, top, and side surfaces of a furnace of cylindrical shape are black, and are maintained at 
uniform temperatures. The net rate of radiation heat transfer to or from the top surface is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The 
surfaces are black. 3 Convection heat transfer is not 
considered. 

Properties The emissivity of all surfaces are 8 = 1 since they 
are black. 

Analysis We consider the top surface to be surface 1, the base 
surface to be surface 2 and the side surfaces to be surface 3. 

The cylindrical furnace can be considered to be three-surface 
enclosure. We assume that steady-state conditions exist. Since 
all surfaces are black, the radiosities are equal to the emissive 
power of surfaces, and the net rate of radiation heat transfer 
from the top surface can be determined from 

0 = A, F l2 a(T, 4 -T 2 4 ) + 4, F i3< t(7' 1 4 - T 3 4 ) 
and A 1 = 7tr 2 - n(l m) 2 = 12.57 m 2 

The view factor from the base to the top surface of the cylinder is F n - 0.38 (From Figure 13-7). The 
view factor from the base to the side surfaces is determined by applying the summation rule to be 

F\ \ + F n +^13 - 1 >F l3 = 1-^12 = 1-0.38 = 0.62 

Substituting, 

Q = A l F u a(T l 4 -T 2 4 ) + A l F u a(T 1 4 ~T 3 4 ) 

= (12.57 m 2 )(0.38)(5.67 x 10' 8 W/m 2 .K 4 )(700 K 4 -500K 4 ) 

+ (12.57 m 2 )(0.62)(5.67xl0' 8 W/m 2 .K 4 )(700 K 4 -1400 K 4 ) 

= -1.543xl0 6 W = -1 543 kW 

Discussion The negative sign indicates that net heat transfer is to the top surface. 


13-31 The base and the dome of a hemispherical furnace are maintained at uniform temperatures. The net 
rate of radiation heat transfer from the dome to the base surface is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are 
opaque, diffuse, and gray. 3 Convection heat transfer is not considered. 

Analysis The view factor is first determined from 

F n = 0 (flat surface) 

F\ \ + ^2 = 1 —> F X1 = 1 (summation rule) 

Noting that the dome is black, net rate of radiation heat transfer 
from dome to the base surface can be determined from 

Qi\ ~ ~Qn = ~ T 2 ) 

= — (0.7)[tt( 5 m) 2 /4 ](l)(5.67xl0 -8 W/m 2 -K 4 )[(400K) 4 -(1000 K) 4 ] 

= 7.594xl0 5 W 

= 759 kW 

The positive sign indicates that the net heat transfer is from the dome to the base surface, as expected. 
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13-18 


13-32 Two very long concentric cylinders are maintained at uniform temperatures. The net rate of radiation 
heat transfer between the two cylinders is to be determined. 


Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 3 Convection 
heat transfer is not considered. 

Properties The emissivities of surfaces are given to be 
Si = 1 and s 2 = 0.55. 

Analysis The net rate of radiation heat transfer between 
the two cylinders per unit length of the cylinders is 
determined from 



M(Ti‘ 4 - 

1 1-^2 
— + 




£ \ 8 2 \ r 2 ) 


D 2 = 0.5 m Z>j = 0.35 m 

T 2 = 500 K Ti = 950 K 



[;r(0.35m)(lm)](5.67xl0~ 8 W/m 2 -K 4 )[(950K) 4 -(500 K) 4 ] 

1 1-0.55 ( 3.5 4 

1 0.55 t 5 , 

= 29,810 W = 29.81 kW 


13-33 A long cylindrical rod coated with a new material is 
placed in an evacuated long cylindrical enclosure which is 
maintained at a uniform temperature. The emissivity of the 
coating on the rod is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 

Properties The emissivity of the enclosure is given to be 
82 = 0.95. 

Analysis The emissivity of the coating on the rod is 
determined from 


Qn ~ 


A x cj{T\ 4 -T 2 4 ) 


1 1 -£. 


V r 2 J 


A = 0.1m D r = 0.01m 

T 2 = 200 K Tl = 500 K 



8 W = 


[;r(0.01m)(lm)](5.67xl0~ 8 W/m 2 -K 4 )[(500K) 4 -(200 K) 4 ] 

1 1-0.95 f 1 4 

s x 0.95 v 1 0 y 


which gives 

s, = 0.074 
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13-19 


13-34E The base and the dome of a long semicylindrical duct are maintained at uniform temperatures. The 
net rate of radiation heat transfer from the dome to the base surface is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, 
diffuse, and gray. 3 Convection heat transfer is not considered. 

Properties The emissivities of surfaces are given to be Si = 0.5 
and c 2 = 0.9. 

Analysis The view factor from the base to the dome is first 
determined from 

F x j = 0 (flat surface) 

F n + F X1 = 1 — > F n =1 (summation rule) 

The net rate of radiation heat transfer from dome to the base 
surface can be determined from 

A A cr(T x 4 -T 2 4 ) (0.1714xl(T 8 Btu/h.ft 2 -R 4 )[(550R) 4 -(1800 R) 4 ] 

Qn --Qn -- l _ £ ^ J l-e 2 ~ 1-0.5 | 1 | 1-0.9 

a i e \ + A \ F n + a 2 £ 2 (15 ft 2 )(0.5) (15 ft 2 )(1) ^(15ft)(lft) ' (Q1?) 

= 1 29,200 Btu/h per ft length 

The positive sign indicates that the net heat transfer is from the dome to the base surface, as expected. 



13-35 Two parallel disks whose back sides are insulated are black, and are maintained at a uniform 
temperature. The net rate of radiation heat transfer from the disks to the environment is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of all surfaces are 8=1 since they are black. 

Analysis Both disks possess same properties and they 
are black. Noting that environment can also be 
considered to be blackbody, we can treat this geometry 
as a three surface enclosure. We consider the two disks 
to be surfaces 1 and 2 and the environment to be surface 
3. Then from Figure 13-7, we read 

F\i ~ Fi\ ~ 0-26 

F u = 1 - 0.26 = 0.74 (summation rule) 

The net rate of radiation heat transfer from the disks 
into the environment then becomes 

03 = 013 + 023 = 2013 
Qi =2F u A i a(T l A -r 3 4 ) 

= 2(0.74)[;r(0.3 m) 2 ](5 .67 x 10~ 8 W/m 2 -K 4 )[(450K) 4 -(300K) 4 ] 

= 781 W 
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13-20 


13-36 A furnace shaped like a long equilateral-triangular duct is considered. The temperature of the base 
surface is to be determined. 


Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 4 End effects are neglected. 


Properties The emissivities of surfaces are given to be 
Si = 0.8 and s 2 = 0.5. 


Analysis This geometry can be treated as a two surface 
enclosure since two surfaces have identical properties. 
We consider base surface to be surface 1 and other two 
surface to be surface 2. Then the view factor between 
the two becomes F n = 1 . The temperature of the base 

surface is determined from 



800 W = 


T,= 

Note that 


1 -£ x 1 1 

- + + — 

A\£ x A 1 F l2 A 2 s 2 

(5.67xicr 8 W/m 2 •K 4 )[(7’ 1 ) 4 -(500 K) 4 ] 
1-0.8 | 1 | 1-0.5 ~ 

(1 m 2 )(0.8) (lm 2 )(l) (2 m 2 )(0.5) 

543 K 

A x = 1 m 2 and A 2 = 2 m 2 . 
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13-21 


13-37 EES Prob. 13-36 is reconsidered. The effects of the rate of the heat transfer at the base surface and 
the temperature of the side surfaces on the temperature of the base surface are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
a=2 [m] 
epsilon_1=0.8 
epsilon_2=0.5 
Q_dot_1 2=800 [W] 

T_2=500 [K] 

sigma=5.67E-8 [W/m A 2-K A 4] 

"ANALYSIS" 

"Consider the base surface to be surface 1 , the side surfaces to be surface 2" 
Q_dot_1 2=(sigma*(T_1 A 4-T_2 A 4))/(( 1 -epsilon_1 )/(A_1 *epsilon_1 )+1 /(A_1 *F_1 2)+(1 - 
epsilon_2)/(A_2*epsilon_2)) 

F 12=1 

A_1 = 1 "[m A 2], since rate of heat supply is given per meter square area" 

A 2=2*A 1 


Ql2 [W1 

Ti IK] 

500 

528.4 

525 

529.7 

550 

531 

575 

532.2 

600 

533.5 

625 

534.8 

650 

536 

675 

537.3 

700 

538.5 

725 

539.8 

750 

541 

775 

542.2 

800 

543.4 

825 

544.6 

850 

545.8 

875 

547 

900 

548.1 

925 

549.3 

950 

550.5 

975 

551.6 

1000 

552.8 
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13-22 


t 2 [Ki 

Ti [Kl 

300 

425.5 

325 

435.1 

350 

446.4 

375 

459.2 

400 

473.6 

425 

489.3 

450 

506.3 

475 

524.4 

500 

543.4 

525 

563.3 

550 

583.8 

575 

605 

600 

626.7 

625 

648.9 

650 

671.4 

675 

694.2 

700 

717.3 
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13-23 


13-38 The floor and the ceiling of a cubical furnace are maintained at uniform temperatures. The net rate of 
radiation heat transfer between the floor and the ceiling is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of all surfaces are 8=1 since they are black or reradiating. 

Analysis We consider the ceiling to be surface 1, the floor to be surface 2 and the side surfaces to be 
surface 3. The furnace can be considered to be three-surface enclosure. We assume that steady-state 
conditions exist. Since the side surfaces are reradiating, there is no heat transfer through them, and the 
entire heat lost by the ceiling must be gained by the floor. The view factor from the ceiling to the floor of 
the furnace is F n = 0.2 . Then the rate of heat loss from the ceiling can be determined from 


2i = 


Eb\ ~Eb2 


-1 


V^12 ^13 +^23 J 


where 


E bl =crT = (5.67 xlO -8 W/m 2 .K 4 )(l 100 K) 4 =83,015W/m 2 
E h 2 = oT 2 4 = (5.67 x 10 -8 W/m 2 .K 4 )(550K) 4 =5188W/m 2 


and 


A | - A 2 — (4 m) 2 = 1 6 m 2 


^12 “ 


1 


1 


^13 “^23 “ 


4^12 (16m 2 )(0.2) 

1 1 


= 0.3125 m 


-2 


Substituting, 

Qn ~ 


A x F n (16 m 2 )(0.8) 


(83,015-5188) W/m 


= 0.078125 m 


-2 


a = 4 m 


T { = 1100K 

£i = 1 

Reradiating side 
surfacess 


T 2 = 550 K 

s 2 = 1 


1 


1 


\-i 


= 7.47 xlO 5 W = 747 kW 


0.3125 m' 2 2(0.078125 m' 2 ) 
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13-24 


13-39 Two concentric spheres are maintained at uniform temperatures. The net rate of radiation heat 
transfer between the two spheres and the convection heat transfer coefficient at the outer surface are to be 
determined. 


Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 

Properties The emissivities of surfaces are 
given to be S\ = 0.5 and s 2 = 0.7. 


D 2 = 0.4 m 
T 2 = 500 K 
8 2 = 0.7 


Tsurr = 30°C 
7T = 30°C 


D\ = 0.3 m 
T x = 700 K 



Radiation heat transfer rate from the outer sphere to the surrounding surfaces are 

Qrad = &FA 2 (j(T 2 4 ~T surr 4 ) 

= (0.35)(l)[;r(0.4m) 2 ](5.67xl(r 8 W/m 2 -K 4 )[(500K) 4 -(30 + 273 K) 4 ] 
= 539 W 


The convection heat transfer rate at the outer surface of the cylinder is determined from requirement that 
heat transferred from the inner sphere to the outer sphere must be equal to the heat transfer from the outer 
surface of the outer sphere to the environment by convection and radiation. That is, 

Qcon V =Qn-Qrad = 1270-539 = 731 W 


Then the convection heat transfer coefficient becomes 

Qconv. = hA 2 (r 2 - ^"00 ) 

731 W = /7[/r(0.4m) 2 ](500K-303K) 

h = 7.4 W/m 2 °C 
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13-25 


13-40 A spherical tank filled with liquid nitrogen is kept in an evacuated cubic enclosure. The net rate of 
radiation heat transfer to the liquid nitrogen is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 4 The thermal resistance of the tank is negligible. 


Properties The emissivities of surfaces are given to be Si = 0.1 and c 2 = 0.8. 


Analysis We take the sphere to be surface 1 and the surrounding 
cubic enclosure to be surface 2. Noting that F n = 1 , for this two- 

surface enclosure, the net rate of radiation heat transfer to liquid 
nitrogen can be determined from 


021 _ 012 _ 


^Wi 4 -A 


1 1 ~£ 




U) 

y A 2 , 



7r( 2 m) 2 

(5.67 xl(T 8 W/m 2 -K 4 (lOO K) 4 -(240 K) 4 


1 1-0.8 

7r( 2 m) 2 


0.1 ' 0.8 

6(3 m) 2 _ 


= 228 W 


D i = 2 m 


Cube, fl=3m T\- 100 K 
T 2 = 240 K £i = 0.1 



13-41 A spherical tank filled with liquid nitrogen is kept in an evacuated spherical enclosure. The net rate 
of radiation heat transfer to the liquid nitrogen is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 4 The thermal resistance of the tank is negligible. 


Properties The emissivities of surfaces are given 
to be 8j — 0.1 and s 2 = 0.8. 


Analysis The net rate of radiation heat transfer to liquid 
nitrogen can be determined from 


012 ~ 


M[Ti 4 -T 2 4 


1 \~£- 


f 


+ 

8 X £ 2 


V r 2 J 


;r(2 m) 2 j(5.67 xl(T 8 W/m 2 

1 1 

>4 

0 

0 



*4 

O 

'xf- 

1 1-0.8 

1 

’ (1m) 2 " 


0.1 ' 0.8 

(1.5 m) 2 _ 



= 227 W 


D 2 = 3 m D i = 2 m 

T 2 = 240 K T { = 100 K 
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13-26 


13-42 EES Prob. 13-40 is reconsidered. The effects of the side length and the emissivity of the cubic 
enclosure, and the emissivity of the spherical tank on the net rate of radiation heat transfer are to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=2 [m] 
a=3 [m] 

T_1=100 [K] 

T_2=240 [K] 

epsilon_1=0.1 

epsilon_2=0.8 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

"ANALYSIS" 

"Consider the sphere to be surface 1, the surrounding cubic enclosure to be surface 2" 
Q_dot_12=(A_1*sigma*(T_1 A 4-T_2 A 4))/(1/epsilon_1+(1-epsilon_2)/epsilon_2*(A_1/A_2)) 
Q_dot_2 1 =-Q_dot_1 2 
A_1=pi*D A 2 
A 2=6*a A 2 


a |m] 

Q21 [W| 

2.5 

227.4 

2.625 

227.5 

2.75 

227.7 

2.875 

227.8 

3 

227.9 

3.125 

228 

3.25 

228.1 

3.375 

228.2 

3.5 

228.3 

3.625 

228.4 

3.75 

228.4 

3.875 

228.5 

4 

228.5 

4.125 

228.6 

4.25 

228.6 

4.375 

228.6 

4.5 

228.7 

4.625 

228.7 

4.75 

228.7 

4.875 

228.8 

5 

228.8 
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13-28 


Steaks, T 2 = 278 K, s 2 = 1 


13-43 A circular grill is considered. The bottom of the grill is covered with hot coal bricks, while the wire 
mesh on top of the grill is covered with steaks. The initial rate of radiation heat transfer from coal bricks to 
the steaks is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 3 Convection heat 
transfer is not considered. 

Properties The emissivities are 8=1 for all surfaces since 
they are black or reradiating. 

Analysis We consider the coal bricks to be surface 1, the 
steaks to be surface 2 and the side surfaces to be surface 3. 

First we determine the view factor between the bricks and 
the steaks (Table 13-1), 




^ 1 _0 ; 15m_0.75 

’ L 0.20 m 


3 


0.20 m 


S = l + 


1 + R 


R ; 


1 + 0.75 
0.75 2 




Coal bricks, T\ = 950 K, si = 1 




= 3.7778 


12 


1 




2 

1/2 ' 

1 



"0.75^ 

2 

1/2' 


s- 

S 2 -4 





3.7778- 

3.7778 2 -4 




T 



UJ 



> ~2 < 


_ 

lo.75y 

_ 



= 0.2864 


(It can also be determined from Fig. 13-7). 

Then the initial rate of radiation heat transfer from the coal bricks to the stakes becomes 
Qu=F u A,g{T x a -T 2 A ) 

= (0.2864)[;r(0.3m) 2 / 4](5.67 x 1(T 8 W/m 2 -K 4 )[(950K) 4 -(278K) 4 ] 

= 928 W 

When the side opening is closed with aluminum foil, the entire heat lost by the coal bricks must be gained 
by the stakes since there will be no heat transfer through a reradiating surface. The grill can be considered 
to be three-surface enclosure. Then the rate of heat loss from the coal bricks can be determined from 


where 


Q i = 


E* F b2 


-l 


V^12 


^13 +^23 J 


E hl = oTj 4 = (5.67xl0 -8 W/m 2 .K 4 )(950 K) 4 =46,1 83 W/m 2 
E h 2 =oT 2 4 = (5.67 x 10 -8 W/m 2 .K 4 )(5 + 273 K) 4 = 339 W/m 2 


and Aj = A 2 = ;r(Q ' 3m) = 0.07069 m 2 


^12 “ 


1 


1 


^13 ~ F 23 ~ 


A F n (0.07069 m 2 )(0.2864) 
1 1 


= 49.39 m 


-2 


A X F U (0.07069 m 2 )(1 - 0.2864) 


= 19.82 m 


-2 


Substituting, Q l2 = 


(46,183-339) W/m ; 


1 


1 


A 


-l 


= 2085 W 


49.39m' 2 2(19.82 m' 2 ) 
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13-44E A room is heated by electric resistance heaters placed on the ceiling which is maintained at a 
uniform temperature. The rate of heat loss from the room through the floor is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 4 There is no heat loss through the side surfaces. 


Properties The emissivities are s= 1 for the ceiling and s = 0.8 for the floor. The emissivity of insulated 
(or reradiating) surfaces is also 1 . 


Analysis The room can be considered to be three-surface enclosure 
with the ceiling surface 1 , the floor surface 2 and the side surfaces 
surface 3. We assume steady-state conditions exist. Since the side 
surfaces are reradiating, there is no heat transfer through them, and the 
entire heat lost by the ceiling must be gained by the floor. Then the 
rate of heat loss from the room through its floor can be determined 
from 

• E bx - E h 2 


V^12 ^13 + ^23 ) 

where 


Ceiling: 12 ft x 12 ft 



T 2 = 90°F 
s 2 = 0.8 


E bl = aT 4 =(0.1714xl(T 8 Btu/h.ft 2 .R 4 )(90 + 460 R) 4 = 157 Btu/h.ft 2 
E h2 = gT 2 =(0.1714x 10“ 8 Btu/h.ft 2 .R 4 )(65 + 460 R) 4 = 130 Btu/h.ft 2 


A ] =A 2 = (12 ft) 2 = 144 ft 2 


The view factor from the floor to the ceiling of the room is F n - 0.27 (From Figure 13-5). The view 
factor from the ceiling or the floor to the side surfaces is determined by applying the summation rule to be 


x+Fn+ F u = 1 » ^13 =1-^12 =1- 0.27 = 0.73 


since the ceiling is flat and thus F n = 0 . Then the radiation resistances which appear in the equation above 
become 


R 2 = l —^L = L2L® = 0.00174 ft' 2 

- A 2 s 2 (144 ft 2 )(0.8) 

R l2 = — — = 1 = 0.02572 ff 2 

A x F n (144 ft")(0.27) 

R u =R, 3 =— — = 1 = 0.009513 ft' 2 

4,F,3 (144 ft 2 )(0.73) 


Substituting, 

012 


^0.02572 ft' 2 


(157 -130) Btu/h.ft 2 


2(0.0095 13 ff 2 ) J 


+ 0.00174 ft' 2 


= 2130 Btu/h 
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13-30 


13-45 Two perpendicular rectangular surfaces with a common edge are maintained at specified 
temperatures. The net rate of radiation heat transfers between the two surfaces and between the horizontal 
surface and the surroundings are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of the horizontal rectangle and the surroundings are 8 = 0.75 and 8 = 0.85, 
respectively. 

Analysis We consider the horizontal rectangle to be surface 1, the vertical rectangle to be surface 2 and the 
surroundings to be surface 3. This system can be considered to be a three-surface enclosure. The view 
factor from surface 1 to surface 2 is determined from 



Note that the surface area of the surroundings is determined assuming that surroundings forms flat surfaces 
at all openings to form an enclosure. Then other view factors are determined to be 


A ^ 12 = ^2^21 — 

— K1 -28X0.27) = (1.92)F 21 — 

->F 21 =0.18 

(reciprocity rule) 

^11 + ^12 + ^13 : 

-1 >0 + 0.27 + F 13 -1 

■>F 13 = 0.73 

(summation rule) 

F 2\ + F 22 + ^23 

-1 >0.18 + 0 + F 2 3 “I 

->F 23 = 0.82 

(summation rule) 

^1^13 = ^3^31 " 

>(1.28)(0.73) - (3.268)F 31 - 

>F 3l -0.29 

(reciprocity rule) 

^2^23 = ^3^32 

>(1.92)(0.82) - (3.268)F3 2 

>F 32 -0.48 

(reciprocity rule) 


We now apply Eq. 13 -3 5b to each surface to determine the radiosities. 

a-r , 4 = J X + l —^-[F n (J x -J 2 ) + F u (J 1 -j 3 )] 

Surface 1: 

(5.67xl0~ 8 W/m 2 .K 4 )(400K) 4 = J X + 1 ~°' 75 [q.21(J x -J 2 ) + 0.13{J\ -/ 3 )] 

0 • 7 5 

Surface 2: oT 2 = J 2 >(5.67 xl(T 8 W/m 2 .K 4 )(550K) 4 = J 2 

°T 3 4 = J 3 + [f 3 1 (J 3 -J x ) + F 32 (J 3 - J 2 )] 

Surface 3: 

(5.67xl(T 8 W/m 2 .K 4 )(290 K) 4 = J 3 + 1 ~°' 85 [o,29(J 3 — ^ ) + 0.48(^ 3 -J 2 )} 

0.85 

Solving the above equations, we find 

J x = 1587 W/m 2 , J 2 =5188 W/m 2 , / 3 = 81 1.5 W/m 2 

Then the net rate of radiation heat transfers between the two surfaces and between the horizontal surface 
and the surroundings are determined to be 

g 2X =-Q X2 =-A x F X2 (J x -J 2 ) = -( 1.28m 2 )(0.27)(1587-5188)W/m 2 =1245W 
Q n =A X F X3 (J X —J 3 ) = (1.28m 2 )(0.73)(1587-811.5)W/m 2 = 725W 
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13-46 Two long parallel cylinders are maintained at specified temperatures. The rates of radiation heat 
transfer between the cylinders and between the hot cylinder and the surroundings are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are black. 3 Convection heat transfer is not 
considered. 

Analysis We consider the hot cylinder to be surface 1, cold cylinder to be surface 2, and the surroundings 
to be surface 3. Using the crossed-strings method, the view factor between two cylinders facing each other 
is determined to be 



or 


^ Crossed strings - ^ Uncrossed strings 


2 x String on surface 1 


2a/ 


s 2 +D 2 -2s 
2(ttD / 2) 



2^a Is 2 + D 2 -sj 
kD 

2(Vo.3 2 +0.20 2 - 
^(0.20) 




= 0.444 


The view factor between the hot cylinder and the surroundings is 
F x 3 = \-F {1 = 1 - 0.444 = 0.556 (summation rule) 


The rate of radiation heat transfer between the cylinders per meter length is 
A = nDL! 2 = ;r(0.20 m)(l m) / 2 = 0.3 142 m 2 


012 =AF n a(T l 4 -T 2 4 ) 

= (0.3142 m 2 )(0.444)(5.67xl0^ 8 W/m 2 .°C)(425 4 -275 4 )K 4 

= 212.8 W 

Note that half of the surface area of the cylinder is used, which is the only area that faces the other cylinder. 
The rate of radiation heat transfer between the hot cylinder and the surroundings per meter length of the 
cylinder is 

A { = 7rDL = ;r(0.20 m)(l m) = 0.6283 m 2 

013 =A l F l3 <j(T 4 -T 3 4 ) 

= (0.6283 m 2 )(0.556)(5.67xl0' 8 W/m 2 .°C)(425 4 -300 4 )K 4 

= 485.8 W 
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13-47 A long semi-cylindrical duct with specified temperature on the side surface is considered. The 
temperature of the base surface for a specified heat transfer rate is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivity of the side surface is s = 0.4. 

Analysis We consider the base surface to be surface 1, the side surface to be surface 2. This system is a 
two-surface enclosure, and we consider a unit length of the duct. The surface areas and the view factor are 
determined as 


A l = (1 .0 m)(l .0 m) = 1 .0 m 2 

A 2 = jzDLI 2 = ;r(1.0 m)(l m)/2 = 1.571 m 2 

F\ i + F\ 2 ~ 1 > 0 + F n = 1 > F n = 1 (summation rule) 

The temperature of the base surface is determined from 

o(T 4 -T 2 4 ) 

1 1“£ 2 
+ 

^\F\2 A 2 £ 2 

(5.67 xl0~ 8 W/m 2 • K 4 )[T t 4 -(650 K) 4 ] 

T 1-0.4 

(1.0 m 2 )(l) (1.571m 2 )(0.4) 

684.8 K 


Qn ~ 
1200 W = 

L = 



13-48 A hemisphere with specified base and dome temperatures and heat transfer rate is considered. The 
emissivity of the dome is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivity of the base surface is 8 = 0.55. 

Analysis We consider the base surface to be surface 1, the dome surface to be surface 2. This system is a 
two-surface enclosure. The surface areas and the view factor are determined as 

A 1 = ttD 2 14 = 7t(0.2 m) 2 / 4 = 0.0314 m 2 

A 2 =ttD 2 / 2 = ff(0.2m) 2 / 2 = 0.0628m 2 


Aii + A -> — 1 


li t ^ 12 ~ 1 > 0 + Ai 2 =1 > F l2 = 1 (summation rule) 


The emissivity of the dome is determined from 

021 = ~Q\2 ~ 


a(T x 4 -T 2 4 ) 




1 


\-£ 


A Fl 


a \F \ 2 a 2 £ 2 



50 W = 


(5.67 xlO" 8 W/m 2 -K 4 )[(400 K) 4 -(600K) 4 ] 


1-0.55 


\-£< 


£ 2 — 0.21 


(0.0314m 2 )(0.55) (0.03 14 m 2 )(l) (0.0628m 2 )^ 2 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



13-33 


Radiation Shields and the Radiation Effect 

13-49C Radiation heat transfer between two surfaces can be reduced greatly by inserting a thin, high 
reflectivity(low emissivity) sheet of material between the two surfaces. Such highly reflective thin plates or 
shells are known as radiation shields. Multilayer radiation shields constructed of about 20 shields per cm. 
thickness separated by evacuated space are commonly used in cryogenic and space applications to 
minimize heat transfer. Radiation shields are also used in temperature measurements of fluids to reduce the 
error caused by the radiation effect. 


13-50C The influence of radiation on heat transfer or temperature of a surface is called the radiation effect. 
The radiation exchange between the sensor and the surroundings may cause the thermometer to indicate a 
different reading for the medium temperature. To minimize the radiation effect, the sensor should be coated 
with a material of high reflectivity (low emissivity). 


13-51C A person who feels fine in a room at a specified temperature may feel chilly in another room at the 
same temperature as a result of radiation effect if the walls of second room are at a considerably lower 
temperature. For example most people feel comfortable in a room at 22°C if the walls of the room are also 
roughly at that temperature. When the wall temperature drops to 5°C for some reason, the interior 
temperature of the room must be raised to at least 27°C to maintain the same level of comfort. Also, people 
sitting near the windows of a room in winter will feel colder because of the radiation exchange between the 
person and the cold windows. 


13-52 The rate of heat loss from a person by radiation in a large room whose walls are maintained at a 
uniform temperature is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 3 Convection heat 
transfer is not considered. 

Properties The emissivity of the person is given to be 
Si = 0.85. 

Analysis (a) Noting that the view factor from the person to 
the walls F X1 = 1 , the rate of heat loss from that person to 

the walls at a large room which are at a temperature of 300 
Kis 

012 =£ ] F n A ] <j(T ] 4 -T 2 4 ) 

= (0.85)(l)(1.9m 2 )(5.67xl(T 8 W/m 2 • K 4 )[(303 K) 4 - (300 K) 4 ] 

= 30.1 W 

(b) When the walls are at a temperature of 280 K, 

012 =£ ] F n A ] cr(T ] 4 -T 2 4 ) 

= (0.85)(l)(1.9m 2 )(5.67xl(T 8 W/m 2 • K 4 )[(303 K) 4 - (280 K) 4 ] 

= 209 W 
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13-53 A thin aluminum sheet is placed between two very large parallel plates that are maintained at 
uniform temperatures. The net rate of radiation heat transfer between the two plates is to be determined for 
the cases of with and without the shield. 


Assumptions 1 Steady operating conditions exist 2 
The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of surfaces are given to 
be 8j = 0.5, c 2 = 0.8, and 8 3 = 0.15. 

Analysis The net rate of radiation heat transfer with a 
thin aluminum shield per unit area of the plates is 


<Ti-T 2 a ) 


T\ = 900 K 
8! = 0.5 


T 2 = 650 K 
*e 2 = 0.8 


,one shield 


fill 1 i 888S88SS8SS88888888S88SS8SS88888S 

— + 1 + + 1 

6 2 ) y f 3,l ^3,2 y 

_ (5.67 x 1CT 8 W/m 2 • K 4 )[(900 K) 4 -(650 K) 4 ] 

” ( i i i 

+ 1 + + 1 

V0.5 0.8 ) y 0.15 0.15 ) 

= 1857 W/m 2 

The net rate of radiation heat transfer between the plates in the case of no shield is 


-12, ho shield 


cj{T x -T 2 ) _ (5.67 x 10 -8 W/m 2 • K 4 )[(900 K) 4 - (650 K) 4 ] _ 


.Radiation 

shield 


— + — -1 
^1 ^2 


— + — -l 
0.5 0.8 


= 12,035 W/m' 


Then the ratio of radiation heat transfer for the two cases becomes 

On , one shield _ 1857 W ^ 1 
012, no shield ' 12,035 W = 6 
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13-54 EES Prob. 13-53 is reconsidered. The net rate of radiation heat transfer between the two plates as a 
function of the emissivity of the aluminum sheet is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 
epsilon_3=0.15 
T_1=900 [K] 

T_2=650 [K] 

epsilon_1=0.5 

epsilon_2=0.8 

"ANALYSIS" 

sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot_12_1shield=(sigma*(T_1 A 4-T_2 A 4))/((1/epsilon_1 + 1/epsilon_2- 
1)+(1/epsilon_3+1/epsilon_3-1)) 


£3 

Ql2,l shield 

[W/m 2 ] 

0.05 

656.5 

0.06 

783 

0.07 

908.1 

0.08 

1032 

0.09 

1154 

0.1 

1274 

0.11 

1394 

0.12 

1511 

0.13 

1628 

0.14 

1743 

0.15 

1857 

0.16 

1969 

0.17 

2081 

0.18 

2191 

0.19 

2299 

0.2 

2407 

0.21 

2513 

0.22 

2619 

0.23 

2723 

0.24 

2826 

0.25 

2928 
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13-55 Two very large plates are maintained at uniform temperatures. The number of thin aluminum sheets 
that will reduce the net rate of radiation heat transfer between the two plates to one-fifth is to be 
determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 


Properties The emissivities of surfaces are given to be Si = 0.5, s 2 = 0.5, and s 3 = 0. 1. 
Analysis The net rate of radiation heat transfer between the plates in the case of no shield is 


012, 


a(T l 4 -T 2 4 ) 


no shield 


i + -L-i 


£\ £ 2 


J 


(5.67 x 10 -8 W/m z • K*)[(1000 K) 4 -(800 K)*] 


r 

v 0.5 0.5 j 


= 1 1,160 W/m 


The number of sheets that need to be inserted in order to 
reduce the net rate of heat transfer between the two 
plates to one-fifth can be determined from 


012 , 


cj(T 4 -T 2 A ) 


shields 


y £ \ 6 1 j 


+ ^shield 


1 1 

+ 


^ 3,1 ^ 3,2 


1(11 160 W/m 2 ) = ^- 67xl °’ 8 W/m2 •K'lldOOOK) 4 -(800 K) 4 ] 
5 l ’ ’ 


1 


1 


1 


0.5 0.5 


^shield 


1 1 


1 


0.1 0.1 


^shield - 0.63 = 1 


T\= 1000 K 
Si = 0.5 






T 2 = 800 K 
s 2 = 0.5 


Radiation shields 
s 3 = 0.1 


That is, only one sheet is more than enough to reduce heat transfer to one-fifth. 
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13-56 Five identical thin aluminum sheets are placed between two very large parallel plates which are 
maintained at uniform temperatures. The net rate of radiation heat transfer between the two plates is to be 
determined and compared with that without the shield. 

Assumptions 1 Steady operating conditions exist 2 
The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of surfaces are given to 
be Sj = s 2 = 0.1 and s 3 = 0.1. 


T x = 800 K 



Analysis Since the plates and the sheets have the 
same emissivity value, the net rate of radiation heat 
transfer with 5 thin aluminum shield can be 
determined from 


012 , 


5 shield 


N + 


yCi2, 


1 <j{T 4 -T 2 4 ) 


no shield 


N + \ 


1 + T_i 


1 (5.67 x!0~ 8 

5 + 1 




W/m 2 -K 4 )[(800K) 


1 1 
0.1 0.1 


1 



s 2 = 0.1 


Radiation shields 
83 = 0.1 


-(450 K) 4 ] 


= 183 W/m 2 


The net rate of radiation heat transfer without the shield is 


012 , 


5 shield 


N + 


Y 012, 


no shield 


£?12, no shield = (N + 1)012,5 shield = 6 X 1 83 W = 1 098 W 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




13-38 


13-57 EES Prob. 13-56 is reconsidered. The effects of the number of the aluminum sheets and the 
emissivities of the plates on the net rate of radiation heat transfer between the two plates are to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

N=5 

epsilon_3=0.1 
epsilon_1=0.1 
epsilon_2=epsilon_1 
T_1=800 [K] 

T_2=450 [K] 

"ANALYSIS" 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

Q_dot_1 2_shields=1/(N+1 )*Q_dot_1 2_NoShield 

Q_dot_12_NoShield=(sigma*(T_1 A 4-T_2 A 4))/(1/epsilon_1 + 1/epsilon_2-1 ) 


N 

Q 12, shields 

[W/m 2 ] 

1 

550 

2 

366.7 

3 

275 

4 

220 

5 

183.3 

6 

157.1 

7 

137.5 

8 

122.2 

9 

110 

10 

100 


£i 

Q 12, shields 

[W/m 2 ] 

0.1 

183.3 

0.15 

282.4 

0.2 

387 

0.25 

497.6 

0.3 

614.7 

0.35 

738.9 

0.4 

870.8 

0.45 

1011 

0.5 

1161 

0.55 

1321 

0.6 

1493 

0.65 

1677 

0.7 

1876 

0.75 

2090 

0.8 

2322 

0.85 

2575 

0.9 

2850 




£1 
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13-58E A radiation shield is placed between two parallel disks which are maintained at uniform 
temperatures. The net rate of radiation heat transfer through the shields is to be determined. 

Assumptions 1 Steady operating conditions exist 2 
The surfaces are black. 3 Convection heat transfer is 
not considered. 

Properties The emissivities of surfaces are given to 
be 8! = s 2 = 1 and s 3 = 0.15. 

Analysis From Fig. 13-7 we have F 32 = F u = 0.52 . 

Then F 34 = 1 - 0.52 = 0.48 . The disk in the middle 

is surrounded by black surfaces on both sides. 

Therefore, heat transfer between the top surface of 
the middle disk and its black surroundings can 
expressed as 

03 = sA,a[F n (T 4 - T 4 )] + sA 3 a\F 32 (T 4 - T , 4 )] 

= 0.15(7.069 ft 2 )(0.1714xl0~ 8 Btu/h.ft 2 •R 4 ){0.52[(7’ 3 4 -(1200R) 4 ] + 0.48[7’ 3 4 -(540 R) 4 ]} 
where A 3 = k { 3 ft) / 4 = 7.069 ft . Similarly, for the bottom surface of the middle disk, we have 
-Q 3 =sA 3 cj[F 32 (T 4 -T 4 )] + &4 3 a[F 34 (F 4 - T 4 )] 

= 0.15(7.069 ft 2 )(0.1714x 10~ 8 Btu/h.ft 2 -R 4 ){0.48[(r 3 4 -(700R) 4 ] + 0.52[T 3 4 -(540 R) 4 ]} 

Combining the equations above, the rate of heat transfer between the disks through the radiation shield (the 
middle disk) is determined to be 

Q = 872 Btu/h and T 3 = 894 R 



13-59 A radiation shield is placed between two large parallel plates which are maintained at uniform 
temperatures. The emissivity of the radiation shield is to be determined if the radiation heat transfer 
between the plates is reduced to 15% of that without the radiation shield. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of surfaces are given to be Z\ = 0.6 and c 2 = 0.9. 

Analysis First, the net rate of radiation heat transfer between the two large parallel plates per unit area 
without a shield is 


012, 


a(T 4 - T 4 ) (5.67 x 1(T 8 W/m 2 • K 4 )[(650 K) 4 - (400 K) 4 ] 


no shield 


— +— -1 
£\ S 2 


l + 2--i 


The radiation heat transfer in the case of one shield is 

012, one shield — 0.15 X 0^2, no shield 

= 0.15x 4877 W/m 2 =731.6 W/m 2 
Then the emissivity of the radiation shield becomes 


Q 


a(T 4 -T 2 ) 


12, one shield / 


— + — -1 
F *2 


+ 


\ 


—+— — l 


^ 3,1 ^ 3,2 


J 


?3 1 6 w/m 2 _ (5-67 x IQ- 8 W/m- • K 4 )[(650 K) 4 - (400 K) 4 ] 


1 +— _i 


0.6 0.9 


+ 


J 


1-1 
V^3 J 


= 4877 W/m^ 



Si = 0.6 



Radiation 
T 2 = 400 K shield 



which gives c 3 =0.18 
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13-60 EES Prob. 13-59 is reconsidered. The effect of the percent reduction in the net rate of radiation heat 
transfer between the plates on the emissivity of the radiation shields is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

T_1=650 [K] 

T_2=400 [K] 
epsilon_1=0.6 
epsilon_2=0.9 
PercentReduction=85 “[%]” 

"ANALYSIS" 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 
Q_dot_12_NoShield=(sigma*(T_1 A 4-T_2 A 4))/(1/epsilon_1 + 1/epsilon_2-1 ) 
Q_dot_12_1shield=(sigma*(T_1 A 4-T_2 A 4))/((1/epsilon_1+1/epsilon_2- 

1)+(1/epsilon_3+1/epsilon_3-1)) 

Q_dot_1 2_1 shield=( 1 -PercentReduction/1 00)*Q_dot_1 2_NoShield 


Percent 
Reduction [%] 

£3 

40 

0.9153 

45 

0.8148 

50 

0.72 

55 

0.6304 

60 

0.5455 

65 

0.4649 

70 

0.3885 

75 

0.3158 

80 

0.2466 

85 

0.1806 

90 

0.1176 

95 

0.05751 
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13-61 A coaxial radiation shield is placed between two coaxial cylinders which are maintained at uniform 
temperatures. The net rate of radiation heat transfer between the two cylinders is to be determined and 
compared with that without the shield. 


Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 3 Convection 
heat transfer is not considered. 

Properties The emissivities of surfaces are given to be 
Si = 0.7, 8 2 = 0.4. and s 3 = 0.2. 

Analysis The surface areas of the cylinders and the 
shield per unit length are 

^pipe.inner = A = ^>\L = ^(0.2 m)(l m) = 0.628 m 2 

^pipe, outer = A 2 = t£) 2 L = *(0. 1 m)(l m) = 0.3 14 m 2 

Shield = A 3 = *D 3 L = *(0.3 m)(l m) = 0.942 m 2 

The net rate of radiation heat transfer between the two 
cylinders with a shield per unit length is 


£> 2 = 0.3 m A = 0.1m 

T 2 = 500 K T x = 750 K 



Radiation shield 
A = 0.2 m 
s 3 = 0.2 



,one shield 


<h?i 4 -L 4 ) 

l-fil 1 1 - ^3,1 l-«3. 2 1 1~S 2 

~ + + ~ + — + + ~ 

A x £ x A x F u A 3 £ 3X A 3 £ 3 '2 At,F 3 ,2 A 2 £2 

(5.67 x 10 -8 W/m 2 -K 4 )[(750K) 4 -(500 K) 4 ] 

1-0.7 1 ^ 1-0.2 1 1-0.4 

+ + 2 + + 

(0.314)(0.7) (0.3 14)(1) (0.628)(0.2) (0.628)(1) (0.942)(0.4) 


= 703 W 


If there was no shield, 

Q\l , no shield — 


<t {T* -T 2 a ) (5.67x10 


W/m 2 -K 4 )[(750K) 4 -(500 K) 4 ] 


1 \-E. 

— + 


£ x C 2 


f A ] 

1 

_ 

1-0.4 

L 

f °' 1 l 

V D 2 j 

0.7 

0.4 

L 0.3 J 


7465 W 


Then their ratio becomes 

Q\l , one shield 703 W 


Q\2, 


no shield 


7465 W 


0.094 
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13-62 EES Prob. 13-61 is reconsidered. The effects of the diameter of the outer cylinder and the 
emissivity of the radiation shield on the net rate of radiation heat transfer between the two cylinders are to 
be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 


D_1=0.10 [m]; 
D_3=0.20 [m]; 
epsilon_2=0.4; 
T_1=750 [K]; 


D_2=0.30 [m] 
epsilon_1=0.7 
epsilon_3=0.2 
T_2=500 [K] 


"ANALYSIS" 

sigma=5.67E-8 [W/m A 2-K A 4] “Stefan-Boltzmann constant" 

L=1 [m] “a unit length of the cylinders is considered" 

A_1=pi*D_1*L 

A_2=pi*D_2*L 

A_3=pi*D_3*L 

F 1 3=1 

F_32=1 

Q_dot_12_1shield=(sigma*(T_1 A 4-T_2 A 4))/((1-epsilon_1)/(A_1*epsilon_1)+1/(A_1*F_13)+(1- 

epsilon_3)/(A_3*epsilon_3)+(1-epsilon_3)/(A_3*epsilon_3)+1/(A_3*F_32)+(1- 

epsilon_2)/(A_2*epsilon_2)) 


D 2 [in] 

Ql2,l shield 

[W] 

0.25 

692.8 

0.275 

698.6 

0.3 

703.5 

0.325 

707.8 

0.35 

711.4 

0.375 

714.7 

0.4 

717.5 

0.425 

720 

0.45 

722.3 

0.475 

724.3 

0.5 

726.1 


e 3 

Ql2,l shield 

[W] 

0.05 

211.1 

0.07 

287.8 

0.09 

360.7 

0.11 

429.9 

0.13 

495.9 

0.15 

558.7 

0.17 

618.6 

0.19 

675.9 

0.21 

730.6 

0.23 

783 

0.25 

833.1 

0.27 

881.2 

0.29 

927.4 

0.31 

971.7 

0.33 

1014 

0.35 

1055 



D 2 [m] 



£3 
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Radiation Exchange with Absorbing and Emitting Gases 

13-63C A nonparticipating medium is completely transparent to thermal radiation, and thus it does not 
emit, absorb, or scatter radiation. A participating medium, on the other hand, emits and absorbs radiation 
throughout its entire volume. 


13-64C Spectral transmissivity of a medium of thickness L is the ratio of the intensity of radiation leaving 

/ 


the medium to that entering the medium, and is expressed as r x - - = e KxL and t^=1 - a* . 


/ 


2,0 


13-65C Using Kirchhoff s law, the spectral emissivity of a medium of thickness L in terms of the spectral 
absorption coefficient is expressed as = a A = 1 - e ~ K?L . 


13-66C Gases emit and absorb radiation at a number of narrow wavelength bands. The emissivity- 
wavelength charts of gases typically involve various peaks and dips together with discontinuities, and show 
clearly the band nature of absorption and the strong nongray characteristics. This is in contrast to solids, 
which emit and absorb radiation over the entire spectrum. 


13-67 An equimolar mixture of CO 2 and O 2 gases at 800 K and a total pressure of 0.5 atm is considered. 
The emissivity of the gas is to be determined. 

Assumptions All the gases in the mixture are ideal gases. 

Analysis Volumetric fractions are equal to pressure fractions. Therefore, the partial pressure of CO 2 is 
P c - y co , P - 0.5(0. 5 atm) = 0.25 atm 

Then, 

P C L = (0.25 atm)(1.2 m) = 0.30 m -atm = 0.98 ft -atm 

The emissivity of CO 2 corresponding to this value at the gas temperature of T g = 800 K and 1 atm is, from 
Fig. 13-36, 

^c,latm — 0. 15 

This is the base emissivity value at 1 atm, and it needs to be corrected for the 0.5 atm total pressure. The 
pressure correction factor is, from Fig. 13-37, 

C c = 0.90 

Then the effective emissivity of the gas becomes 
e g =C c e C ' latm = 0.90x0.15 = 0.135 
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13-68 The temperature, pressure, and composition of a gas mixture is given. The emissivity of the mixture 
is to be determined. 

Assumptions 1 All the gases in the mixture are ideal gases. 2 The emissivity determined is the mean 
emissivity for radiation emitted to all surfaces of the cubical enclosure. 

Analysis The volumetric analysis of a gas mixture gives the mole fractions y, of the components, which are 
equivalent to pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO 2 and H 2 0 
are 

P c = y c o 0 P ~ 0-10(1 atm) = 0. 10 atm 6 m 

P w = y HiG P = 0.09(1 atm) = 0.09 atm 

The mean beam length for a cube of side length 6 m for radiation 
emitted to all surfaces is, from Table 13-4, 

L = 0.66(6 m) = 3.96 m 

Then, 

P C L = (0. 10 atm)(3.96 m) = 0.396 m • atm = 1 .30 ft • atm 
P W L = (0.09 atm)(3.96 m) = 0.36 m • atm = 1 . 1 8 ft • atm 



The emissivities of C0 2 and H 2 0 corresponding to these values at the gas temperature of T g = 1 000 K and 
latm are, from Fig. 13-36, 

£ c, iatm=0- 1 7 and *r wlatm =0.16 


Both C0 2 and H 2 0 are present in the same mixture, and we need to correct for the overlap of emission 
bands. The emissivity correction factor at T = T g = 1000 K is, from Fig. 13-38, 

P C L + P W L = 1.30 + 1.18 = 2.48 1 


R 


w 


p +p 

w c 


0.09 

0.09 + 0.10 


= 0.474 


As = 0.038 


Note that we obtained the average of the emissivity correction factors from the two figures for 800 K and 
1200 K. Then the effective emissivity of the combustion gases becomes 

£ g = C c £ c, 1 atm + Cw £ w, 1 atm ~ = 1 x 0. 1 7 + 1 X 0. 1 6 - 0.038 = 0.292 

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




13-45 


13-69 A mixture of CO 2 and N 2 gases at 600 K and a total pressure of 1 atm are contained in a cylindrical 
container. The rate of radiation heat transfer between the gas and the container walls is to be determined. 

Assumptions All the gases in the mixture are ideal gases. 

Analysis The mean beam length is, from Table 13-4 

L = 0.60 D = 0.60(8 m) = 4.8 m 

Then, 

P C L = (0.15 atm)(4.8 m) = 0.72 m - atm = 2.36 ft - atm 

The emissivity of C0 2 corresponding to this value at the gas 
temperature of T g = 600 K and 1 atm is, from Fig. 13-36, 

^ c, 1 atm = 0 -!6 

For a source temperature of T s = 450 K, the absorptivity of the gas is again determined using the emissivity 
charts as follows: 



T 450 K 

P r L — = (0.15 atm) (4. 8 m) = 0.54 m • atm = 1 .77 ft • atm 

T g 600 K 

The emissivity of C0 2 corresponding to this value at a temperature of T s = 450 K and latm are, from Fig. 
13-36, 

^ c, 1 atm = 0 - 14 


The absorptivity of C0 2 is determined from 


a c = C c 


AC 

\ T S J 


0.65 


c, 1 atm 


= (1) 


600 K 
450 K 


A 


0.65 


(0.14) = 0.17 


The surface area of the cylindrical surface is 

2 2 

A s = 7rDH + 2 ^ =if(8m)(8m) + 2 ^ — 1 = 301.6 m 2 
Then the net rate of radiation heat transfer from the gas mixture to the walls of the furnace becomes 

Qnet = A M £ g T g ~ a g T s) 

= (301.6m 2 )(5.67xl(T 8 W/m 2 -K 4 )[0.16(600K) 4 -0.17(450 K) 4 ] 

= 2.35x10 5 W 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



13-46 


13-70 A mixture of H 2 0 and N 2 gases at 600 K and a total pressure of 1 atm are contained in a cylindrical 
container. The rate of radiation heat transfer between the gas and the container walls is to be determined. 

Assumptions All the gases in the mixture are ideal gases. 

Analysis The mean beam length is, from Table 13-4 

L = 0.60 D = 0.60(8 m) = 4.8 m 

Then, 

P W L = (0.15 atm)(4.8m) = 0.72 m • atm = 2.36 ft - atm 8 m 

The emissivity of H 2 0 corresponding to this value at the gas 
temperature of T g = 600 K and 1 atm is, from Fig. 13-36, 

^wlatm — 0.36 

For a source temperature of T s = 450 K, the absorptivity of the gas is again determined using the emissivity 
charts as follows: 



T 450 K 

P W L — = (0.15 atm)(4.8 m) = 0.54 m • atm = 1 .77 ft • atm 

T g 600 K 

The emissivity of H 2 0 corresponding to this value at a temperature of T s = 450 K and latm are, from Fig. 
13-36, 

£ w, latm =0-34 


The absorptivity of H 2 0 is determined from 


a =C 

^ w ^ w 


T. 




0.65 


g 


T 

\ S J 


w, 1 atm 


-( 1 ) 


600 K 
450 K 


A 


0.45 


(0.34) = 0.39 


The surface area of the cylindrical surface is 

2 2 

A s =7tDH + 2 ^ = 7r( 8m)(8m) + 2 ^ ^ =301. 6m 2 

Then the net rate of radiation heat transfer from the gas mixture to the walls of the furnace becomes 

Qnet = A M S g T g - a g T s) 

= (301.6 m 2 )(5.67xl(T 8 W/m 2 -K 4 )[0.36(600K) 4 -0.39(450K) 4 ] 

= 5.244 xIO 5 W 
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13-71 A mixture of CO 2 and N 2 gases at 1200 K and a total pressure of 1 atm are contained in a spherical 
furnace. The net rate of radiation heat transfer between the gas mixture and furnace walls is to be 
determined. 


Assumptions All the gases in the mixture are ideal gases. 
Analysis The mean beam length is, from Table 13-4 
L = 0.65D = 0.65(3 m) = 1.95 m 
The mole fraction is equal to pressure fraction. Then, 

P C L = (0.15 atm)( 1.95 m) = 0.2925 m-atm = 0.96 ft - atm 

The emissivity of C0 2 corresponding to this value at the gas 
temperature of T g = 1200 K and 1 atm is, from Fig. 13-36, 



For a source temperature of T s = 600 K, the absorptivity of the gas is again determined using the emissivity 
charts as follows: 


T 600 K 

P r L — = (0.15 atm)( 1 .95 m) = 0. 1 46 m • atm = 0.48 ft • atm 

T g 1200 K 

The emissivity of C0 2 corresponding to this value at a temperature of T s = 600 K and latm are, from Fig. 
13-36, 


The absorptivity of C0 2 is determined from 


a c = C c 


T 




0.65 


g 


T 

\ S J 


c, 1 atm 


= (1) 


1200 K 
600 K 


A 


0.65 


(0.11) = 0.173 


The surface area of the sphere is 

A s =kD 2 =j(3m) 2 = 28.27 m 2 

Then the net rate of radiation heat transfer from the gas mixture to the walls of the furnace becomes 

Qnet = A M S g T g - a g T s) 

= (28.27 m 2 )(5.67xl(T 8 W/m 2 -K 4 )[0. 16(1200 K) 4 -0.173(600 K) 4 ] 

= 4.959 xIO 5 W 
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13-72 The temperature, pressure, and composition of combustion gases flowing inside long tubes are 
given. The rate of heat transfer from combustion gases to tube wall is to be determined. 

Assumptions All the gases in the mixture are ideal gases. 

Analysis The volumetric analysis of a gas mixture gives the mole fractions y t of the components, which are 
equivalent to pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO 2 and H 2 0 
are 


P c = y COo P - 0.06(1 atm) = 0.06 atm 
P w = yw^P = 0.09(1 atm) = 0.09 atm 

The mean beam length for an infinite cicrcular 
cylinder is, from Table 13-4, 

L = 0.95(0.15 m) = 0.1425 m 

Then, 


£ 


P = 600 K 


D = 15 cm 


Combustion 
gases, 1 atm 
T g = 1500 K 


P C L = (0.06 atm)(0.1425 m) = 0.00855 m • atm = 0.028 ft - atm 


P W L = (0.09 atm)(0.1425 m) = 0.0128 m • atm = 0.042 ft - atm 


The emissivities of C0 2 and H 2 0 corresponding to these values at the gas temperature of T g = 1500 K and 
latm are, from Fig. 13-36, 

* c ,iatm =0.034 and ^ M , latm = 0.016 


Both C0 2 and H 2 0 are present in the same mixture, and we need to correct for the overlap of emission 
bands. The emissivity correction factor at T = T g = 1500 K is, from Fig. 13-38, 


P C L + P W L = 0.028 + 0.042 = 0.07 

009 = 0.6 
P w +P c 0.09 + 0.06 


As = 0.0 


Then the effective emissivity of the combustion gases becomes 

e g = C c s c ! atm + C w s H , ! atm - As = 1 X 0.034 + 1 x 0.01 6 - 0.0 = 0.05 


Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source 
temperature of T s = 600 K, the absorptivity of the gas is again determined using the emissivity charts as 
follows: 


T 

P c L — = (0.06 atm)(0.1425 m) 
Tg 

P W L — = (0.09 atm)(0. 1425 m) 


T 


g 


600 K 
1500 K 

600 K 
1500 K 


= 0.00342 m- atm = 0.01 1 ft -atm 


= 0.00513 m- atm = 0.017 ft -atm 


The emissivities of C0 2 and H 2 0 corresponding to these values at a temperature of T s = 600 K and 1 atm 
are, from Fig. 13-36, 

=0.031 and s w>latm =0.027 
Then the absorptivities of C0 2 and H 2 0 become 

0.65 


=C c 


r T aO-65 

g 


T 

V -s j 


' c, 1 atm 


= 0 ) 


^1500 K A 


600 K 


(0.031) = 0.056 


frr 


a -r 

^ w ^ w 


T. 


g 


T 

\ S J 


w, 1 atm 


= (1) 


1500 K 
600 K 


0.45 


(0.027) = 0.041 


Also Act = As, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T= T s = 600 K 
instead of T g = 1500 K. There is no chart for 600 K in the figure, but we can read As values at 400 K and 
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800 K, and take their average. At PJ(P W + P c ) = 0.6 and P C L +P n L = 0.07 we read As = 0.0. Then the 
absorptivity of the combustion gases becomes 

a„ = a c +a w - A a - 0.056 + 0.041-0.0 = 0.097 

The surface area of the pipe per m length of tube is 
A s = kDL = ;r(0.15 m)(l m) = 0.4712 m 2 

Then the net rate of radiation heat transfer from the combustion gases to the walls of the furnace becomes 

Qnet ~ A s a ( £ g T g -Vg T s) 

= (0.4712 m 2 )(5.67xl0^ W/m 2 -K 4 )[0.05(1500K) 4 -0.097(600 K) 4 ] 

= 6427 W 
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13-73 The temperature, pressure, and composition of combustion gases flowing inside long tubes are 
given. The rate of heat transfer from combustion gases to tube wall is to be determined. 

Assumptions All the gases in the mixture are ideal gases. 

Analysis The volumetric analysis of a gas mixture gives the mole fractions y t of the components, which are 
equivalent to pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO 2 and H 2 0 
are 


P c = y COn P = 0.06(1 atm) = 0.06 atm 
P w = = 0.09(1 atm) = 0.09 atm 

The mean beam length for an infinite cicrcular 
cylinder is, from Table 13-4, 

L = 0.95(0.15 m) = 0.1425 m 

Then, 


/i 


P = 600 K 


D = 1 5 cm 


Combustion 
gases, 3 atm 
T g = 1500 K 


P C L = (0.06 atm)(0.1425 m) = 0.00855 m- atm = 0.028 ft - atm 


P W L = (0.09 atm)(0.1425 m) = 0.0128 m- atm = 0.042 ft - atm 


The emissivities of C0 2 and H 2 0 corresponding to these values at the gas temperature of T g = 1500 K and 
latm are, from Fig. 13-36, 

* c ,iatm =0.034 and = 0.016 


These are base emissivity values at 1 atm, and they need to be corrected for the 3 atm total pressure. Noting 
that (P w +P)/2 = (0.09+3)/2 = 1.545 atm, the pressure correction factors are, from Fig. 13-37, 

C c = 1.5 and C w = 1.8 


Both C0 2 and H 2 0 are present in the same mixture, and we need to correct for the overlap of emission 
bands. The emissivity correction factor at T = T g = 1500 K is, from Fig. 13-38, 


P C L + P W L = 0.028 + 0.042 = 0.07 


R 


w 


0.09 


P +P 

w c 


0.09 + 0.06 


= 0.6 


A£- = 0.0 


Then the effective emissivity of the combustion gases becomes 


s g = C c s c j atm +C w 6* w?latm - As = 1.5x0.034 + 1.8x0.016-0.0 = 0.080 


For a source temperature of T s = 600 K, the absorptivity of the gas is again determined using the emissivity 
charts as follows: 


P 


600 K 


P r L — = (0.06 atm)(0. 1425 m) 

T g 1500 K 


= 0.00342 m- atm = 0.01 1 ft -atm 


P W L — = (0.09 atm)(0. 1425 m) 


T 


g 


600 K 
1500 K 


= 0.00513 m • atm = 0.017 ft -atm 


The emissivities of C0 2 and H 2 0 corresponding to these values at a temperature of T s = 600 K and 1 atm 
are, from Fig. 13-36, 

e c , latm =0.031 and e n , ldtm = 0.027 
Then the absorptivities of C0 2 and H 2 0 become 

\ 0.65 


«c = C c 


{ j* \ 0-65 
g 

T 

\ S J 


£ c , latm _ (1-^) 


1500 K 
600 K 


(0.031) = 0.084 


^ \0-45 


a -r 

^ w ^ w 


T. 


g 


T 

\ S J 


w, 1 atm 


= (1.8) 


1500 K 
600 K 


0.45 


(0.027) = 0.073 
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Also Act = As, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T= T s = 600 K 
instead of T g = 1500 K. There is no chart for 600 K in the figure, but we can read As values at 400 K and 
800 K, and take their average. At PJ{P W + P c ) = 0.6 and P C L +P H L = 0.07 we read As = 0.0. Then the 
absorptivity of the combustion gases becomes 

-a c +cc w - A a - 0.084 + 0.073-0.0 = 0.157 
The surface area of the pipe per m length of tube is 
A s = tiDL = ;r(0.15 m)(l m) = 0.4712 m 2 

Then the net rate of radiation heat transfer from the combustion gases to the walls of the furnace becomes 

2 net = A ,M S g T g - a g T s ) 

= (0.4712 m 2 )(5.67 x 10~ 8 W/m 2 • K 4 )[0.08(1500 K ) 4 - 0.157(600 K ) 4 ] 

= 10,280 W 
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77 = 500 K 


D = 10 cm 


13-74 The temperature, pressure, and composition of combustion gases flowing inside long tubes are 
given. The rate of heat transfer from combustion gases to tube wall is to be determined. 

Assumptions All the gases in the mixture are ideal gases. 

Analysis The mean beam length for an infinite cicrcular 
cylinder is, from Table 13-4, 

L = 0.95(0. 10 m) = 0.095 m 

Then, 

P C L = (0.12 atm)(0.095 m) = 0.01 14 m • atm = 0.037 ft • atm 
P W L = (0.18 atm)(0. 095 m) = 0.0171 m • atm = 0.056 ft -atm 

The emissivities of C0 2 and H 2 0 corresponding to these values at 
the gas temperature of T g = 800 K and latm are, from Fig. 13-36, 

^c.iatm =0-055 and s w>latm = 0.050 

Both C0 2 and H 2 0 are present in the same mixture, and we need to correct for the overlap of emission 
bands. The emissivity correction factor at T = T g = 800 K is, from Fig. 13-38, 

P„L + P.,L = 0.037 + 0.056 = 0.093 ' 

A^ = 0.0 


Combustion 
gases, 1 atm 
T g = 800 K 


R 


0.18 


7T,+7T 0.18 + 0.12 


= 0.6 


w 


Then the effective emissivity of the combustion gases becomes 

s g =C c s c Ulm +C w s w Ulm -As = 1x0.055 + 1x0.050-0.0 = 0.105 

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source 
temperature of T s = 500 K, the absorptivity of the gas is again determined using the emissivity charts as 
follows: 

T 500 K 

P„L — = (0.12 atm)(0.095 m) = 0.007 125 m • atm = 0.023 ft • atm 


T. 


P W L 


g 

77 


T 


g 


800 K 

= (0.18 atm)(0. 095 m) = 0.01069 m- atm = 0.035 ft -atm 

800 K 


The emissivities of C0 2 and H 2 0 corresponding to these values at a temperature of T s = 500 K and latm 
are, from Fig. 13-36, 

latm =0.042 and * w>latm =0.050 
Then the absorptivities of C0 2 and H 2 0 become 


=C c 


T. 


0.65 


g 


T 

\ S J 


c, 1 atm 


= 0 ) 


f 800 K ^ 


500 K 


0.65 


(0.042) = 0.057 


a =r 

^ w v - / w 


T. 


0.45 


g 


T 

\ S J 


w, 1 atm 


= 0 ) 


r 800 °' 45 


500 K 


(0.050) = 0.062 


Also Act = As, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T s = 500 K 
instead of T g = 800 K. There is no chart for 500 K in the figure, but we can read As values at 400 K and 
800 K, and interpolate. At PJ{P W + P c ) = 0.6 and PJL +P n L = 0.093 we read As = 0.0. Then the absorptivity 
of the combustion gases becomes 


a g -a c + a w - A a = 0.057 + 0.062-0.0 = 0.1 19 


The surface area of the pipe is 

A s = tiDL = 7r(0. 10 m)(6 m) = 1 .885 m 2 

Then the net rate of radiation heat transfer from the combustion gases to the walls of the tube becomes 


Q neX =AMsJ A -aX) 


g g g s 
2 


= (1.885 m z )(5.67xl0 

= 3802 W 


W/m 2 -K 4 )[0. 105(800 K) 4 -0.119(500 K) 4 ] 
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13-75 The temperature, pressure, and composition of combustion gases flowing inside long tubes are 
given. The rate of heat transfer from combustion gases to tube wall is to be determined. 

Assumptions All the gases in the mixture are ideal gases. 

Analysis The volumetric analysis of a gas mixture gives the mole fractions y t of the components, which are 
equivalent to pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO 2 and H 2 0 
are 

P c = yco^P = 0-10(1 atm) - 0-10 atm 

P w = = 0-10(1 atm) = 0.10 atm 

The mean beam length for this geometry is, from 
Table 13-4, 

L = 3.6 WA S = 1.8D= 1.8(0.20 m) = 0.36 m 
where D is the distance between the plates. Then, 

P C L = P W L = (0. 10 atm)(0.36 m) = 0.036 m • atm = 0. 1 1 8 ft • atm 

The emissivities of C0 2 and H 2 0 corresponding to these values at the gas temperature of T g = 1200 K and 
latm are, from Fig. 13-36, 

hiatal =0.080 and s wAsm = 0.055 

Both C0 2 and H 2 0 are present in the same mixture, and we need to correct for the overlap of emission 
bands. The emissivity correction factor at T = T g = 1200 K is, from Fig. 13-38, 

P C L + P W L = 0.118 + 0.118 = 0.236 1 

P w = 0.10 = Q 5 l Ae = 0.0025 

P w + P c 0.10 + 0.10 

Then the effective emissivity of the combustion gases becomes 

c g = C c s c x atm + c w £ w J atm - A6- = 1 X 0.080 + 1x0.055- 0.0025 = 0.1325 

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source 
temperature of T s = 600 K, the absorptivity of the gas is again determined using the emissivity charts as 
follows: 

T T 600 K 

P r L — = P W L — = (0.10 atm)(0.36 m) = 0.0 1 8 m • atm = 0.059 ft • atm 

T g T g 1200 K 

The emissivities of C0 2 and H 2 0 corresponding to these values at a temperature of T s = 600 K and 1 atm 
are, from Fig. 13-36, 

^c,iatm =0.060 and £\,, latm = 0.067 



Then the absorptivities of C0 2 and H 2 0 become 




1200 K 
600 K 


0.65 

(0.060) = 0.090 


f r r r \ / \ 0 45 

T f 1 200 K \ 

= +v -f- £ w, I atm = (1) (0-067) = 0.092 

\*s ) V 000 K 9 

Also Act = As, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T= T s = 600 K 
instead of T g = 1200 K. There is no chart for 600 K in the figure, but we can read As values at 400 K and 
800 K, and take their average. At PJ{P W + P c ) = 0.5 and P.L +P n L = 0.236 we read As = 0.00125. Then the 
absorptivity of the combustion gases becomes 

a g = a c +a w - A a = 0.090 + 0.092-0.00125 = 0.1808 

Then the net rate of radiation heat transfer from the gas to each plate per unit surface area becomes 

Qnet =A M £ g T g -Ug T s) 

= (lm 2 )(5.67xl(T 8 W/m 2 -K 4 )[0.1325(1200K) 4 -0.1808(600 K) 4 ] 

= 1.42x1 0 4 W 
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Special Topic: Heat Transfer from the Human Body 

13-76C Yes, roughly one-third of the metabolic heat generated by a person who is resting or doing light 
work is dissipated to the environment by convection, one-third by evaporation, and the remaining one-third 
by radiation. 


13-77C Sensible heat is the energy associated with a temperature change. The sensible heat loss from a 
human body increases as ( a ) the skin temperature increases, ( b ) the environment temperature decreases, 
and (c) the air motion (and thus the convection heat transfer coefficient) increases. 


13-78C Latent heat is the energy released as water vapor condenses on cold surfaces, or the energy 
absorbed from a warm surface as liquid water evaporates. The latent heat loss from a human body increases 
as ( a ) the skin wettedness increases and ( b ) the relative humidity of the environment decreases. The rate of 

evaporation from the body is related to the rate of latent heat loss by 0 latent = m vapov h j g where h tg is the 
latent heat of vaporization of water at the skin temperature. 


13-79C The insulating effect of clothing is expressed in the unit clo with 1 clo = 0. 155 m 2 .°C/W = 0.880 
ft .°F.h/Btu. Clothing serves as insulation, and thus reduces heat loss from the body by convection, 
radiation, and evaporation by serving as a resistance against heat flow and vapor flow. Clothing decreases 
heat gain from the sun by serving as a radiation shield. 


13-80C (a) Heat is lost through the skin by convection, radiation, and evaporation, (b) The body loses both 
sensible heat by convection and latent heat by evaporation from the lungs, but there is no heat transfer in 
the lungs by radiation. 


13-81C The operative temperature r operative is the average of the mean radiant and ambient temperatures 
weighed by their respective convection and radiation heat transfer coefficients, and is expressed as 


T 

operative 


h T 

n con\ M ambient 


+ h^A 7! 


rad M sun - 


+ h 


conv 


rad 


T ■ +T 

x ambient ' surr 


2 


When the convection and radiation heat transfer coefficients are equal to each other, the operative 
temperature becomes the arithmetic average of the ambient and surrounding surface temperatures. Another 
environmental index used in thermal comfort analysis is the effective temperature, which combines the 
effects of temperature and humidity. 
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13-82 The convection heat transfer coefficient for a clothed person while walking in still air at a velocity 
of 0.5 to 2 m/s is given by /z = 8.6F where V is in m/s and h is in W/m .°C. The convection coefficients 
in that range vary from 5.96 W/m .°C at 0.5 m/s to 12.42 W/m .°C at 2 m/s. Therefore, at low velocities, 
the radiation and convection heat transfer coefficients are comparable in magnitude. But at high velocities, 
the convection coefficient is much larger than the radiation heat transfer coefficient. 











13-56 


13-83 A man wearing summer clothes feels comfortable in a room at 20°C. The room temperature at 
which this man would feel thermally comfortable when unclothed is to be determined. 

Assumptions 1 Steady conditions exist. 2 The latent heat loss from the person remains the same. 3 The heat 
transfer coefficients remain the same. 4 The air in the room is still (there are no winds or running fans). 5 
The surface areas of the clothed and unclothed person are the same. 

Analysis At low air velocities, the convection heat transfer coefficient 
for a standing man is given in Table 13-5 to be 4.0 W/m .°C. The 
radiation heat transfer coefficient at typical indoor conditions is 4.7 
W/m .°C. Therefore, the heat transfer coefficient for a standing person 
for combined convection and radiation is 

^combined = *conv + *rad = 4.0 + 4.7 = 8.7 W/m 2 ,°C 
The thermal resistance of the clothing is given to be 

7? cloth = 1 ■ 1 clo = 1 . 1x0.155 m 2 ,°C/W = 0. 1 7 1 m 2 .°C/W 

Noting that the surface area of an average man is 1.8 m , the sensible 
heat loss from this person when clothed is determined to be 



^sensible,clothed 


A (T -T I 

s\ skin ambient / 

1 


(1.8 m 2 )(33-20)°C 


cloth + 


h 


0.171 m 2 .°C/W 


1 


= 82 W 


combined 


8.7 W/m 2 . °C 


From heat transfer point of view, taking the clothes off is equivalent to removing the clothing insulation or 
setting T^cioth = 0. The heat transfer in this case can be expressed as 


Q sensible,unclothed 


A s ( T skm ~ ^ambient ) (1 -8 m 2 )(33 - 7 ambient )°C 


h 


1 


combined 


1 

8.7 W/m 2 .°C 


To maintain thermal comfort after taking the clothes off, the skin temperature of the person and the rate of 
heat transfer from him must remain the same. Then setting the equation above equal to 82 W gives 

^ambient = 27.8°C 


Therefore, the air temperature needs to be raised from 22 to 27.8°C to ensure that the person will feel 
comfortable in the room after he takes his clothes off. Note that the effect of clothing on latent heat is 
assumed to be negligible in the solution above. We also assumed the surface area of the clothed and 
unclothed person to be the same for simplicity, and these two effects should counteract each other. 
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13-84E An average person produces 0.50 lbm of moisture while 
taking a shower. The contribution of showers of a family of four to 
the latent heat load of the air-conditioner per day is to be 
determined. 

Assumptions All the water vapor from the shower is condensed by 
the air-conditioning system. 

Properties The latent heat of vaporization of water is given to be 
1050 Btu/lbm. 

Analysis The amount of moisture produced per day is 
m vapor = (Moisture produced per person)(No. of persons) 

= (0.5 lbm/person)(4 persons/day) = 2 lbm/day 
Then the latent heat load due to showers becomes 
giatent = m v apor^fg = (2 lbm/day)( 1 050 Btu/lbm) = 2100 Btu/day 


Moisture 
0.5 lbm 



13-85 There are 100 chickens in a breeding room. The rate of total heat generation and the rate of moisture 
production in the room are to be determined. 

Assumptions All the moisture from the chickens is condensed by the air-conditioning system. 

Properties The latent heat of vaporization of water is given to be 2430 kJ/kg. The average metabolic rate of 
chicken during normal activity is 10.2 W (3.78 W sensible and 6.42 W latent). 

Analysis The total rate of heat generation of the chickens in the breeding room is 


0gcn, total = ?gen, total ( N °-° f chickens) 

= (10.2 W/chicken)( 100 chickens) = 1020 W 


The latent heat generated by the chicken and the rate of 
moisture production are 


(2gen, latent gen, latent (No. of chickens) 

= (6.42 W/chicken)(100 chickens) = 642 W 
= 0.642 kW 


777 

moisture 


(2gen, latent 0.642 kJ/s 
~ 2430 kJ/kg 


0.000264 kg/s = 0.264 g/s 
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13-86 Chilled air is to cool a room by removing the heat generated in a large insulated classroom by lights 
and students. The required flow rate of air that needs to be supplied to the room is to be determined. 

Assumptions 1 The moisture produced by the bodies leave the room as vapor without any condensing, and 
thus the classroom has no latent heat load. 2 Heat gain through the walls and the roof is negligible. 


Properties The specific heat of air at room temperature is 1.00 kJ/kg-°C (Table A- 15). The average rate of 
metabolic heat generation by a person sitting or doing light work is 1 15 W (70 W sensible, and 45 W 
latent). 


Analysis The rate of sensible heat generation by 
the people in the room and the total rate of 
sensible internal heat generation are 

£?gen, sensible — *7 gen, sensible (No. of people) 

= (70 W/person)(90 persons) = 6300 W 

S total, sensible — ^gen, sensible ^lighting 

= 6300 + 2000 = 8300 W 


Then the required mass flow rate of chilled air becomes 

. Q total, sensible 


™air = 


c p AT 


8.3 kJ/s 


(1.0 kJ/kg • °C)(25 - 1 5)°C 


= 0.83 kg/s 


Return 

air 



i i 


^ 90 Students 



Discussion The latent heat will be removed by the air-conditioning system as the moisture condenses 
outside the cooling coils. 
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13-87 The average mean radiation temperature during a cold day drops to 18°C. The required rise in the 
indoor air temperature to maintain the same level of comfort in the same clothing is to be determined. 

Assumptions 1 Air motion in the room is negligible. 2 The average clothing and exposed skin temperature 
remains the same. 3 The latent heat loss from the body remains constant. 4 Heat transfer through the lungs 
remain constant. 


Properties The emissivity of the person is 0.95 (from Appendix tables). The convection heat transfer 
coefficient from the body in still air or air moving with a velocity under 0.2 m/s is h conw = 3.1 W/m °C 
(Table 13-5). 

Analysis The total rate of heat transfer from the body is the sum of the rates of heat loss by convection, 
radiation, and evaporation, 


Qbody, total ^sensible ^latent filings (Qconv (2rad) ^latent Q\ 


ungs 


Noting that heat transfer from the skin by evaporation and from the lungs remains constant, the sum of the 
convection and radiation heat transfer from the person must remain constant. 

^sensible, old = ~ ^air, old ) + ~ ^surr,old ) 

= hA (T -22) + 0.95 A s a[(T s +273) 4 -(22 + 273) 4 ] 


£2sensible,new ^A s (T s fair , neW ) ^A s (j{T s T f 


surr,new 


) 


= hA,(T, -7’ air , new ) + 0.954 o[(T s +273) 4 -(18 + 273) 4 ] 

Setting the two relations above equal to each other, 
canceling the surface area A s , and simplifying gives 

- 22 h - 0.95cr(22 + 273) 4 = -hT aiv nevl - 0.95cr(l 8 + 273) 4 

3-1(7’ai r ,ncw “ 22) + 0.95 x 5.67 X 10+291 4 - 295 4 ) = 0 

Solving for the new air temperature gives 
t . =79 o°r 

1 air, new v - 

Therefore, the air temperature must be raised to 29°C to counteract the increase in heat transfer by 
radiation. 
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13-88 The average mean radiation temperature during a cold day drops to 12°C. The required rise in the 
indoor air temperature to maintain the same level of comfort in the same clothing is to be determined. 

Assumptions 1 Air motion in the room is negligible. 2 The average clothing and exposed skin temperature 
remains the same. 3 The latent heat loss from the body remains constant. 4 Heat transfer through the lungs 
remain constant. 


Properties The emissivity of the person is 0.95 (from Appendix tables). The convection heat transfer 
coefficient from the body in still air or air moving with a velocity under 0.2 m/s is h conw = 3.1 W/m °C 
(Table 13-5). 

Analysis The total rate of heat transfer from the body is the sum of the rates of heat loss by convection, 
radiation, and evaporation, 


(2body, total sensible ^latent Q lungs ((2conv Qrad ) ^latent Q lungs 


Noting that heat transfer from the skin by evaporation and from the lungs remains constant, the sum of the 
convection and radiation heat transfer from the person must remain constant. 

^sensible, old = i^s ~ ^air, old ) + ~ ^surr,old ) 

= hA (T -22) + 0.95 A s a[(T s +273) 4 -(22 + 273) 4 ] 


^sensible, new hA s (T s ^air, new ) 


surr,new 


) 


= hA s (T s -r air>new ) + 0.95^at(r j +273) 4 -(12 + 273) 4 ] 

Setting the two relations above equal to each other, 
canceling the surface area A s , and simplifying gives 

-22/a-0.95cr(22 + 273) 4 =~hT ail nev/ -0.95cr(12 + 273) 4 

3-l(7’air,new - 22) + 0.95 x 5.67 X 1(T 8 (285 4 - 295 4 ) = 0 

Solving for the new air temperature gives 

t = o °c 

J air, new J7,u v - 

Therefore, the air temperature must be raised to 39°C to counteract the increase in heat transfer by 
radiation. 
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13-89 A car mechanic is working in a shop heated by radiant heaters in winter. The lowest ambient 
temperature the worker can work in comfortably is to be determined. 

Assumptions 1 The air motion in the room is negligible, and the mechanic is standing. 2 The average 
clothing and exposed skin temperature of the mechanic is 33°C. 

Properties The emissivity and absorptivity of the person is given to be 0.95. The convection heat transfer 
coefficient from a standing body in still air or air moving with a velocity under 0.2 m/s is h cony = 4.0 
W/m 2 -°C (Table 13-5). 


Analysis The equivalent thermal resistance of clothing is 

i? c ioth = 0.7 clo = 0.7 X 0. 155 m 2 .°C/W = 0.1085 m 2 ,°C/W 

Radiation from the heaters incident on the person and 
the rate of sensible heat generation by the person are 

Crad, incident = 0-05 X 0 ra d, total = 0.05(4 kW) = 0.2 kW = 200 W 
Cgen, sensible = 0-5 X g gen>total = 0.5(350 W) = 175 W 


Under steady conditions, and energy balance on the 
body can be expressed as 


F - F + F = 0 

^ m ^ out ' ^ gen u 


^rad from heater £?conv+rad from body Qgen, sensible ^ 



or 


«Crad .incident ^conv ‘ \v ' ' .s ‘ SUIT / — ' s 

0.95(200 W) - (4.0 W/m 2 • K)(1.8 m 2 )(306 -7VJ 


AAT-T)-sAMF-T*) + Q 


-gen, sensible 


= 0 


- 0.95(1 .8 m 2 )(5.67 x 10' 8 W/m 2 • K 4 )[(306 K) 4 - T s 4 n . ) + 175 W = 0 


Solving the equation above gives 

r smT = 284.8 K = 11.8°C 

Therefore, the mechanic can work comfortably at temperatures as low as 12°C. 
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Review Problems 


13-90 The temperature of air in a duct is measured by a 
thermocouple. The radiation effect on the temperature 
measurement is to be quantified, and the actual air 
temperature is to be determined. 

Assumptions The surfaces are opaque, diffuse, and 
gray. 

Properties The emissivity of thermocouple is given 
to be 8=0.6. 

Analysis The actual temperature of the air can be 
determined from 

rr r . StlM T ,h 4 ~ T w) 

T f - T,h + h 

- g50K , (0.6X5.67 X IQ- 8 W/m 2 -K 4 )[(850K) 4 - 

60 W/m 2 -°C 



(500 K) 4 ] 


= 1111K 
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13-91 Radiation heat transfer occurs between two parallel coaxial disks. The view factors and the rate of 
radiation heat transfer for the existing and modified cases are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of disk a and b are given to be s a = 0.60 and Sb = 0.8, respectively. 

Analysis ( a ) The view factor from surface a to surface b is determined as follows 


A = 


B = 


a 


0.20 


2 L 2 ( 0 . 10 ) 

b 0.40 


2 L 2(0.10) 


= 1 


= 2 




C = l + 


1 + A 


= 1 + 


1 + 1 


= 1.5 



a 


Fat = 0.5 


B z 

'Ip 2 

\ a j 


2 



L 


C- 


C 2 -4 


'A' 2 
\B j 


n 0.5 


= 0.5 


T 2 

vly 


1.5- 


r i \ 2 


n 0.5 


1.5 2 -4 


1 

2 


v^y 


> = 0.764 


The view factor from surface b to surface a is determined from reciprocity relation: 

»j = »<0.2m) ; . 4m , 

Cl A A 


A b ~ 


xb_ _ x(i)A m) 2 


A a F a b ~ AbF ba 


(0.03 14)(0.764) = (0. \251)F ba 


> F ha = 0.191 


(b) The net rate of radiation heat transfer between the surfaces can be determined from 

• _ a(r a 4 -T h 4 ) _ (5.67xl0~ 8 W/m 2 -K 4 )[(873K) 4 -(473K) 4 

Qab ~ 


\-S. 


1 


1 -Si 


1 - 0.6 


1 


1 - 0.8 


464 W 


A a s a A a F ah A h s h (0.0314m 2 )(0.6) (0.0314m 2 )(0.764) (0.1257 m 2 )(0.8) 

(c) In this case we have s c = 0.7, A c — » oo, F ac = F hc - 1 and Q ac = Q ch = Q hc . An energy balance gives 


o\ Ta-To 


a\T 4 -T h 4 


\-£. 


1 


\-£„ \ — £ , 


1 


\ — £ ) 


A a^a 


A F 

a ac 


A c £ c 


A c £ c 


A c F ch Au£ 


b°b 


rp 4 rp 4 
l a — l c 


, ti 4 ji 4 
1 c ~ l b 


\~£. 


1 


A„£ n A„F„ 


+ 0 0 + 


1 


\ — £ > 


A bF bc 


(873) 4 -T 4 


A b £ b 

T c 4 - 473 4 


1 - 0.6 


1 - 0.8 


(0.0314m 2 )(0.6) (0.0314 m 2 )(l) (0.1257 m 2 )(l) (0.1257 m 2 )(0.8) 


+ T = 605 K 


Then 

Qhc = Qac = 


a \T 4 -T 4 


(5.67 x 10 -8 W/m 2 -K 4 )(873K) 4 -(605K) 


\-£. 


1 


l-£. 


1 - 0.6 


477 W 


A a £ a A a F ac A c £ c 


(0.03 14 m 2 )(0.6) (0.03 14 m 2 )(1) 


+ 0 


Discussion The rate of heat transfer is higher in part (c) because the large disk c is able to collect all 
radiation emitted by disk a. It is not acting as a shield. 
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13-92 Radiation heat transfer occurs between a tube-bank and a wall. The view factors, the net rate of 
radiation heat transfer, and the temperature of tube surface are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 The tube 
wall thickness and convection from the outer surface are negligible. 


Properties The emissivities of the wall and tube bank are given to be Sj = 0.8 and Sj = 0.9, respectively. 

Analysis (a) We take the wall to be surface i and the 
tube bank to be surface j. The view factor from surface i 

to surface / is determined from _ _ _ 5 

© 00 © 00 > 


FiJ =l- 


-1 0.5 


1- 


\ s j 


+ 


V *5 J 


tan 


-l 


' L ' 2 
kDj 


-1 0.5 


-1 


0 


= 1 - 


1- 


'1.5' 2 


v J y 


n 0.5 


+ 


'1.5' 


V J 7 


tan 


'j_' 2 
vl-5y 


-1 0.5 


-1 


> = 0.658 


The view factor from surface j to surface i is determined from reciprocity relation. Taking s to be the width 
of the wall 


■I, f'u = AjFfl 


A: sL s 3 

* ji ~ ~A~ ij ~~zDL iJ ~~kD ij ~ 7r(\.5) 


(0.658) = 0.419 


(b) The net rate of radiation heat transfer between the surfaces can be determined from 

q = 

... A 


a\T 4 -Tj 4 


a\T 4 -T 4 



1 

1 

y i y 

] - £ j 

l 

1 -£i 1 

■ i i 

r i y 

1 - 0 

{ £ i J 

A 


{ £ j ) 

a j 

s i Aj 

l e J J 


(5.67 x 10~ 8 W/m 2 -K 4 )(1173K) 4 -(333K)‘ 


1-0.8 

1 

0.8 

0.658 


1-0.9 

0.9 


(0.03 m) 


A 


= 57,900 W/m 


yr(0.0 1 5 m) 


(c) Under steady conditions, the rate of radiation heat transfer from the wall to the tube surface is equal to 
the rate of convection heat transfer from the tube wall to the fluid. Denoting T w to be the wall temperature, 


o-ir . 4 -tJ 


1 ~£; 1 
- + + 


\-Sj 


Q rad Q conv 

= hAj (T w - Tj ) 

A, 


F iJ 


(5.67xl0~ 8 W/m 2 -K 4 


)[(l 173 K) 


j y 

4 


A J 


-r, 


w 


1 - 0.8 1 

+ + 


0.8 0.658 


1-0.9") (0.03 m) 


= (2000 W/m 2 -K) 


yr(0.0 15 m) 
0.03 m 


[0 -(40 + 273 K)] 


0.9 J ^r(0.015 m) 

Solving this equation by an equation solver such as EES, we obtain 
T w = 331.4 K = 58.4°C 
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13-93 The temperature of hot gases in a duct is measured by a thermocouple. The actual temperature of the 
gas is to be determined, and compared with that without a radiation shield. 

Assumptions The surfaces are opaque, diffuse, and gray. 

Properties The emissivity of the thermocouple is given to be 8 =0.7. 

Analysis Assuming the area of the shield to be very close to the sensor of the thermometer, the radiation 
heat transfer from the sensor is determined from 


C^rad, 


v(Tf-T 2 4 ) 


from sensor / 


(5.67XKT 8 W/m 2 -K 4 )[(530K) 4 -(380 K) 4 ] = ^ 


1 


-1 


+ 


1 


^2 


1 


0.7 


Then the actual temperature of the gas can be 
determined from a heat transfer balance to be 

^ conv,to sensor — Q conv,from sensor 

h(T f -T th ) = 257.9 W/m 2 
120 W/m 2 °C (T f -530) = 257.9 W/m 2 


>T f = 532 K 

Without the shield the temperature of the gas would be 


T f = T th + 


Sth^Tth ~ T J) 


1 


+ 


1 


0.15 


1 


Air, 77 



77,= 380 



= 530 K + 


h 

(0.7)(5.67 xl0~ 8 W/m 2 -K 4 )[(530K) 4 -(380 K) 4 ] 

120 W/m 2 -°C 


= 549.2 K 


Thermocouple 
T th = 530 K 
8j =0.7 
8 2 = 0.15 


sassassss 


13-94E A sealed electronic box is placed in a vacuum chamber. The highest temperature at which the 
surrounding surfaces must be kept if this box is cooled by radiation alone is to be determined. 


Assumptions 1 Steady operating conditions exist 2 The surfaces are 
opaque, diffuse, and gray. 3 Convection heat transfer is not considered. 4 
Heat transfer from the bottom surface of the box is negligible. 


Properties The emissivity of the outer surface of the 
box is 8 = 0.95. 

Analysis The total surface area is 

A s = 4x (8x1/ 12) + (lxl) = 3.67 ft 2 



Then the temperature of the surrounding surfaces is determined to be 


12 in 


Qrad =&4 S C(C -T surr 4 ) 

(90x3.41214) Btu/h = (0.95)(3.67 m 2 )(0.1714xl(T 8 Btu/h.ft 2 -R 4 )[(590R) 4 - T sun 4 ] 
> T surr = 5 1 4 R = 54 F 
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13-95 A double-walled spherical tank is used to store iced water. The air space between the two walls is 
evacuated. The rate of heat transfer to the iced water and the amount of ice that melts a 24-h period are to 
be determined. 


Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 

Properties The emissivities of both surfaces are given to 
be Si = s 2 = 0.15. 

Analysis (a) Assuming the conduction resistance s of the 
walls to be negligible, the rate of heat transfer to the iced 
water in the tank is determined to be 

A l =/rD l 2 = tt( 2.0 1 m) 2 = 12.69 m 2 


012 ~ 


M(T 2 4 -7\ 4 ) 


1 1 -£' 
— + 


1 


'v 2 

V D 2 J 


(12.69 m 2 )(5. 67 xl(T 8 W/m 2 -K 4 )[(20 + 273 K) 

'2.0O 2 


1 

i r) 
O 

_ 

0.15 

0.15 


2.04 


= 107.4 W 



-(0 + 273 K) 4 ] 


(b) The amount of heat transfer during a 24-hour period is 
Q = QAt = (0. 1 074 kJ/s)(24 x 3600 s) = 9279 kJ 


The amount of ice that melts during this period then becomes 

Q 9279 kJ 


Q = mhj 


if 


-> m = 


h if 333.7 kJ/kg 


27.8 kg 
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13-96 Two concentric spheres which are maintained at uniform temperatures are separated by air at 1 atm 
pressure. The rate of heat transfer between the two spheres by natural convection and radiation is to be 
determined. 


Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Air is an 
ideal gas with constant properties. 


Properties The emissivities of the surfaces are given to be 
Si = 82 = 0.75. The properties of air at 1 atm and the 
average temperature of (T\+T 2 )/2 = (350+275)/2 = 312.5 K 
= 39.5°C are (Table A- 15) 

k = 0.02658 W/m.°C 

v = 1.697 x 10 -5 m 2 /s 
Pr = 0.7256 

J3 = = 0.0032 K ' 1 

312.5 K 

Analysis (a) Noting that D t = D x and D a = D 2 , the 
characteristic length is 

L c =-(D 0 -£>,-) = — (0.25 m -0.15 m) = 0.05 m 
2 2 


D 2 = 25 cm 
T 2 = 275 K 
s 2 = 0.75 


D\ = 15 cm 
T\ = 350 K 



Then 


. (9.81 m/s 2 )(0-003200 K .' 1 )(350- 275 K)(0.Q5 m ) 3 . 


V 


The effective thermal conductivity is 
Lph = 


(1.697xl(T 5 m 2 /s ) 2 


0.05 m 


(D i D 0 )\D i 7/5 + D 0 7/5 ) 5 [(0.15 m)(0.25 m)] 4 [(0.15 m)" 7/5 +(0.25 m)' 7/5 1 


= 0.005900 


k eff = 0.74A: 


Pr 


\ 1/4 


0.861 + Pr 


1/4 


= 0.74(0.02658 W/m.°C) 


(F sph Ra) 

0.7256 


0.861 + 0.7256 ) 


n«o. 


00590)(7.415x 10 5 ) 


1/4 


= 0.1315 W/m.°C 

Then the rate of heat transfer between the spheres becomes 


Q = 


' D.Dq ' 

V L c J 


(T i —T 0 ) = (0.1315 W/m.°C);r 


(0.15 m)(0.25 m) 
(0.05 m) 


(350 -275)K = 23.2 W 


(b) The rate of heat transfer by radiation is determined from 
A x =t£> 1 2 0.15 m ) 2 = 0.0707 m 2 

• 4<j(r 2 4 -7 1 ! 4 ) (0.0707 m 2 )(5.67 xl0~ 8 W/m 2 • K 4 )[(350 K) 4 -(275 K) 4 ] _ 1AJ 

Oi ? — r — ; — 25.0 W 


1 

\-s 2 

(dA 

2 

1 

_ 

1-0.75 

l_ 

r o.i5^| 


r 

^2 

k D 2 V 


0.75 

0.75 

( 0.25 J 
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Solar 
radiation \ 


Absorber plate 
T x = 80°C 
8 ! = 0.8 


13-97 A solar collector is considered. The absorber plate and the glass cover are maintained at uniform 
temperatures, and are separated by air. The rate of heat loss from the absorber plate by natural convection 
and radiation is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The 
surfaces are opaque, diffuse, and gray. 3 Air is an ideal 
gas with constant properties. 

Properties The emissivities of surfaces are given to be 
Si = 0.9 for glass and s 2 = 0.8 for the absorber plate. 

The properties of air at 1 atm and the average 
temperature of (T\+T 2 )/2 = (80+32)/2 = 56°C are (Table 
A- 15) 

k = 0.02779 W/m.°C 


v = 1.857 x 10 -5 m 2 /s 


Pr = 0.7212 

P = 1 


1 


T f (56 + 273)K 


= 0.003040 K 


-l 


Glass cover, 
T 2 = 32°C 
82 = 0.9 



1.5 m 
L = 3 cm 
Insulation 


0 = 20 ° 


Analysis For 0 = 0° , we have horizontal rectangular enclosure. 

The characteristic length in this case is the distance between the two 
glasses L c = L = 0.03 m Then, 


Ra = 


gP(T x - T 2 )L ; 


Pr = 


v 


(9.8 1 m/s 2 )(0.00304 K _1 )(80 - 32 K)(0.03 m) 3 

-5 


(1.857 x 10 m /s) 


(0.7212) = 8.083x10' 


A s = H xW = (1.5 m)(3 m) = 4.5 nr 


Nu = 1 + 1.44 

= 1 + 1.44 
= 3.747 


1708 


-i + 


Ra cos 6 


1708(sin 1.80) 
Ra cos 6 


1.6 


+ 


(Ra cos 6) 


1/3 


1 + 


18 


1- 


1708 


(8.083 x10 4 )cos(20) 


+ 1 1708[sin(1.8x20)] 1 - < 


+ 


Q = kNuA — = (0.02779 W/m.°C)(3.747)(4.5 m z ) 


(8.083 xl0‘ t )cos(20) 

2 . (80-32)°C 


(8.083x10 4 )cos(20) 


1/3 


18 


L 0.03 m 

Neglecting the end effects, the rate of heat transfer by radiation is determined from 


750 W 


£?rad 


A s a(T x -r 2 4 ) (4.5 m 2 )(5.67 xlO -8 W/m 2 • K 4 )[(80 + 273 K) 4 -(32 + 273 K) 4 ] 


1 1 


1 


1 


1 


= 1289 W 


1 


£\ £ 2 


0.8 0.9 

Discussion The rates of heat loss by natural convection for the horizontal and vertical cases would be as 
follows (Note that the Ra number remains the same): 

Horizontal : 

-i+ I . -4U/3 


Nu = 1 + 1.44 


r 1708] 

+ 

[ Ra 1/3 1 

+ r 

1- 

+ 

-1 

= 1 + 1.44 

Ra 


18 

_ 


1 


1708 


8.083x10 


+ 


(8.083x10 ) 


18 


1 


= 3.812 


Q = kNuA T> Tl = (0.02779 W/m.°C)(3.8 12)(6 m 2 ) (8 ° 32) ° C = 1 01 7 W 


Vertical : 


L 


Nu = 0.42Ra V4 Pr 0012 


^-°-3 


0.03 m 

= 0.42(8.083 x10 4 ) 1/4 (0.7212)°° 12 

2,(80-32) o C 


2 2 m ^ ~° 3 


Q = kNuA s VJjL = (0.02779 W/m.°C)(2.001)(6 m z ) 
L 


0.03 m 


v 0.03 m 

534 W 


= 2.001 


-i+ 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



13-69 


13-98E The circulating pump of a solar collector that consists of a horizontal tube and its glass cover fails. 
The equilibrium temperature of the tube is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The tube and its cover are isothermal. 3 Air is an ideal 
gas. 4 The surfaces are opaque, diffuse, and gray for infrared radiation. 5 The glass cover is transparent to 
solar radiation. 


Properties The properties of air should be evaluated at the 
average temperature. But we do not know the exit 
temperature of the air in the duct, and thus we cannot 
determine the bulk fluid and glass cover temperatures at 
this point, and thus we cannot evaluate the average 
temperatures. Therefore, we will assume the glass 
temperature to be 85 °F, and use properties at an anticipated 
average temperature of (75+85)/2 =80°F (Table A-15E), 

^ = 0.01481 Btu/h • ft • °F 

v = 1.697xl0" 4 ft 2 Is 

Pr = 0.7290 


r ave 540 R 


30 Btu/h. ft 
///// 

7^ = 75°F 

Plastic cover, 

82 = 0.9, T 2 




Analysis We have a horizontal cylindrical enclosure filled with air at 0.5 atm pressure. The problem 
involves heat transfer from the aluminum tube to the glass cover and from the outer surface of the glass 
cover to the surrounding ambient air. When steady operation is reached, these two heat transfer rates must 
equal the rate of heat gain. That is, 

tube-glass = Sglass-ambient = Ssolargain = 30 Btu/h (per foot of tube) 

The heat transfer surface area of the glass cover is 

A 0 = A glass = (n D oW) = /r(5 / 12 ft)(l ft) = 1 .309 ft 2 (per foot of tube) 


To determine the Rayleigh number, we need to know the surface temperature of the glass, which is not 
available. Therefore, solution will require a trial-and-error approach. Assuming the glass cover temperature 
to be 85°F, the Rayleigh number, the Nusselt number, the convection heat transfer coefficient, and the rate 
of natural convection heat transfer from the glass cover to the ambient air are determined to be 


R a z ) 0 = 


g/3(T 0 -TJDl 


Pr 


v 


(32.2 ft/s )[1 /(540 R)](85 - 75 R)(5 i/12ftf = j , 092 x 10 « 


Nu = 


(1.697 x 10 -4 ft 2 / s) 2 

2 


0.6 


0.387 Ra 


1/6 

D 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0.6 + T 


0. 387(1. 092x10 6 ) 1/6 


1 + (0.559/ 0.7290) 


9/16 


8/27 


= 14.95 


/L = 


k 


D, 


Nu = 


0.0 1481 Btu/h- ft °F 
5 / 12 ft 


(14.95) = 0.5315 Btu/h ft 2 °F 


Qo , conv = KA 0 (T 0 - T „ ) = (0.53 1 5 Btu/h • ft 2 ■ °F)(1 .309 ft z )(85 - 75)°F = 6.96 Btu/h 


Also, 

Qo, ni =Zo<? A o(To-Tl) 

= (0.9)(0.1714xl0~ 8 Btu/h • ft 2 • R 4 )(1.309 ft 2 )[(545 R) 4 - (520 R) 4 
= 30.5 Btu/h 
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Then the total rate of heat loss from the glass cover becomes 
Qo, total =Qo,conv + Arad =7.0 + 30.5=37.5 Btu/h 

which is more than 30 Btu/h. Therefore, the assumed temperature of 85°F for the glass cover is high. 
Repeating the calculations with lower temperatures (including the evaluation of properties), the glass cover 
temperature corresponding to 30 Btu/h is determined to be 81.5°F. 

The temperature of the aluminum tube is determined in a similar manner using the natural 
convection and radiation relations for two horizontal concentric cylinders. The characteristic length in this 
case is the distance between the two cylinders, which is 

L c =(D 0 -D t )/2 = (5-2.5)/ 2 = 1.25 in = 1.25/12 ft 

Also, 

A i = A tube = ( TcDjW ) = 7r( 2.5 / 12 ft)(l ft) = 0.6545 ft 2 (per foot of tube) 

We start the calculations by assuming the tube temperature to be 1 18.5°F, and thus an average temperature 
of (81.5+1 18.5)/2 = 100°F=560 R. Using properties at 100°F, 

Ra _ sP(Tj — T 0 )L 3 ^ (32,2 ft/s 2 )[l/(560 R)](l 18.5-81.5 R)(l,25/12 ft) 3 726) _ t 3 3 1::1 q4 

L v 2 [(1.809x10 4 ft 2 /s)/0.5] 2 


The effective thermal conductivity is 


[HD 0 /DA] 


[ln(5 / 2.5)] 


F = 

I? C (D?' 5 +D 0 “ 3/5 ) 5 (1.25/12 ft) 3 [(2.5 / 12 ft)' 3/5 +(5/12 ft)' 3/5 ] 5 


= 0.1466 


k ef{ =0.386A: 


Pr 


1/4 


0.861 + Pr 


(Cyc Ra i) 


1/4 


= 0.386(0.01529 Btu/h- ft -°F) 


0.726 


0.861 + 0.726 


(0.1466x1.334x10 ) 


4x1/4 


= 0.03227 Btu/h- ft -°F 

Then the rate of heat transfer between the cylinders by convection becomes 


Q 


2 7jk 


eff 


i, conv 


In (D 0 /D t ) 


(T< -T 0 ) = 


2^(0.03227 Btu/h- ft -°F) 
ln(5/2.5) 


(118.5-81.5)°F = 10.8 Btu/h 


Also, 


Qi, rad 


aAiiT ; 4 -T a 4 ) 


r D; ^ 


1 

A~ s ° 




D n 

x u \ O y 

(0.1714xl0 -8 Btu/h • ft 2 -R 4 )(0.6545 ft 2 ) [( 5 7 8 . 5 R) 4 -(541.5R) 4 


1 

1-0.9 

0.9 

0.9 


2.5 in 
5 in 


J = 25.0 Btu/h 


Then the total rate of heat loss from the glass cover becomes 
Qi , total = a, conv + Qi , rad = 10.8 + 25.0 = 35.8 Btll/h 

which is more than 30 Btu/h. Therefore, the assumed temperature of 1 18.5°F for the tube is high. By trying 
other values, the tube temperature corresponding to 30 Btu/h is determined to be 113°F. Therefore, the 
tube will reach an equilibrium temperature of 1 13°F when the pump fails. 
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Air 


13-99 A double-pane window consists of two sheets of glass separated by an air space. The rates of heat 
transfer through the window by natural convection and radiation are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are 
opaque, diffuse, and gray. 3 Air is an ideal gas with constant specific 
heats. 4 Heat transfer through the window is one-dimensional and the 
edge effects are negligible. 

Properties The emissivities of glass surfaces are given to be Si = s 2 = 

0.9. The properties of air at 0.3 atm and the average temperature of 
(T x +T 2 )l 2 = (15+5)/2 = 10°C are (Table A- 15) 

k = 0.02439 W/m.°C 


■i 

(i n 


15°C 


1 atm 


V = V 

Pr = 0.7336 

fi = 1 


/ 0.3 = 1 .426 x 10" 5 /0.3 = 4.753 x 10" 5 m 2 /s 


= 0.003534 K 


-l 


Q 


L = 3 cm 

< x 


5°C 


H= 2m 


(10 + 273) K 

Analysis The characteristic length in this case is the distance between the glasses, L c = L = 0.03 m 
= sm~ T ,)L\ = (9.81m/s 2 )(0.003534K -1 )(15-5)K(Q.03m) 3 = 3(M0 


V 


(4.753xl0“ 5 m 2 /s) 2 


Nu = 0.197 Ra 


1/4 


'h'~ U9 


= 0.197(3040) 


1/4 


2 


\ - 1/9 


0.05 


= 0.971 


Note that heat transfer through the air space is less than that by pure conduction as a result of partial 
evacuation of the space. Then the rate of heat transfer through the air space becomes 

2 


A s = (2 m)(5 m) = 1 0 m 

r , -t 


Qconv = kNuA 


L 


2 = (0.02439 W/m.°C)(0.971)(10 m 2 ) — 5) C 

0.03 m 


78.9 W 


The rate of heat transfer by radiation is determined from 


• _ A s cj(T* -T 2 4 ) _ (10m 2 )(5.67xl0“ 8 W/m 2 • K 4 )[(l5 + 273 K) 4 - (5 + 273 K) 4 ] 

Qr ad “ 


- 1 - + ^ 1 

S \ S 2 


1 


1 


421 W 


0.9 0.9 


Then the rate of total heat transfer becomes 

Qlotal = Qconv + Qrad = 79 + 421 = 500 W 


Discussion Note that heat transfer through the window is mostly by radiation. 
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13-100 A simple solar collector is built by placing a clear plastic tube around a garden hose. The rate of 
heat loss from the water in the hose by natural convection and radiation is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Air is an 
ideal gas with constant specific heats. 


Properties The emissivities of surfaces are given to be Si = s 2 = 0.9. The properties of air are at 1 atm and 
the film temperature of (T S +T^)I2 = (40+25)/2 = 32.5°C are (Table A- 15) 


k = 0.02607 W/m.°C 
v = 1.632xl0~ 5 m 2 /s 
Pr = 0.7275 

P = = 0.003273 K' 1 

(32.5 + 273) K 

Analysis Under steady conditions, the heat transfer rate 
from the water in the hose equals to the rate of heat loss 
from the clear plastic tube to the surroundings by natural 
convection and radiation. The characteristic length in this 
case is the diameter of the plastic tube, 

L c = D plastic = D 2 = 0.06 m. 



Plastic cover, 
c 2 = 0.9, T 2 =40°C 



v 


-5 2 2 


= g PV s -T n )D\ pr = (9.8 1 m/s 2 )(0. 003273 K' 1 )(40 - 2 5 )K(0.06 m) 3 (() ^ = , g42 x 1q5 

2 

0.6+ — v— ~ 2 I _ 10 _ 30 


Nu = 


0.6 


0.387 Ra 


(1.632 x 10 m /s) 


1/6 

D 


1 + (0.559 /Pr) 


9/16 


8/27 


> = < 


0. 387(2. 842x 10 ) 


5x1/6 


7 k Ar 0.02607 W/m.°C A 2 0 

h — Nu=— /'AT A\ A O 


D 


0.06 m 


l + (0. 559/0. 724l) 9/16 
(10.30) = 4.475 W/m 2 .°C 


8/27 


A plastic =A 2 = tcD 2 L = ^"(0.06 m)(l m) = 0.1885 m 


Then the rate of heat transfer from the outer surface by natural convection becomes 
Qconv = hA 2 (/, -ZJ = (4.475 W/m 2 ,°C)(0. 1 885 m 2 )(40 - 25)°C = 1 2.7 W 
The rate of heat transfer by radiation from the outer surface is determined from 

e rad =^(U-V) 

= (0.90)(0.1885 m 2 )(5.67 x 10 -8 W/m 2 ■ K 4 )[(40 + 273 K) 4 -(15 + 273 K) 4 ] 

= 26.1 W 


Finally, 

Qtotaijoss =1 2.7 + 26.1 = 38.8W 
Discussion Note that heat transfer is mostly by radiation. 
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13-101 A solar collector consists of a horizontal copper tube enclosed in a concentric thin glass tube. The 
annular space between the copper and the glass tubes is filled with air at 1 atm. The rate of heat loss from 
the collector by natural convection and radiation is to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Air is an 
ideal gas with constant specific heats. 

Properties The emissivities of surfaces are given to be E\~ 

0.85 for the tube surface and e 2 = 0.9 for glass cover. The 
properties of air at 1 atm and the average temperature of 
(T\+T 2 )/2 = (60+40)/2 = 50°C are (Table A- 15) 



Plastic cover, 
T 2 = 40°C 
s 2 = 0.9 


k = 0.02735 W/m.°C 
v = 1.798xl0 -5 m 2 /s 
Pr - 0.7228 
1 


P = 


= 0.003096 K 


-l 


(50 + 273) K 
Analysis The characteristic length in this case is 

L c =-(D 2 -£> j ) = — (0.12 m -0.05 m) — 0.07 m 
— 



Ra = 


gP(T ] -T 2 )L] 


Pr = 


(9.81 m/s 2 X0.003096 K' 1 )(60 - 40)K(0.035 m) 3 


v 


(1.798xl0~ 5 m z /s) 


The effective thermal conductivity is 

[ln(0 0 / A )] 4 


F cyl = 


[ln(0. 12/0.05)]' 


(0.7228) = 5. 823x10 


k e{{ = 0.38 6k 


3/5 + D 0 3/5 ) 5 (0.035 m) 3 [(0.05 m)' 3/5 + (0.12m) _3/5 f 

Pr 


= 0.1678 


1/4 


0.861 + Pr 


1/4 


= 0.386(0.02735 W/m.°C) 


(F cy ,Ra) 

0.7228 


Ha 


0.861 + 0.7228 ) 

Then the rate of heat transfer between the cylinders becomes 

2/z£ eff ^ N 2^(0.08626 W/m.°C) 


1678)(5.823xl0 4 ) 


1/4 


= 0.08626 W/m.°C 


Q 


conv 


(T,-T 0 ) = 


(60-40)°C = 12.4 W 


In (D 0 /Di) ‘ ln(0.12 / 0.05) 

The rate of heat transfer by radiation is determined from 

A x <j(T* -T 2 4 ) [zr(0.05 m)(lm)](5.67xl0 -8 W/m 2 -K 4 )[(60 + 273 K) 4 -(40 + 273 K) 4 ] 


^rad 


1 1-8 

+ 

e \ S 2 


f ° l ) 

1 

1-0.9 

f 5 1 

k D - , 

0.85 

0.9 

L 12 J 


= 19.7 W 


Finally, 


Q 


total, loss 


= 12.4 + 19.7 = 32. 1 W (per m length) 
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13-102 A cylindrical furnace with specified top and bottom surface temperatures and specified heat 
transfer rate at the bottom surface is considered. The temperature of the side surface and the net rates of 
heat transfer between the top and the bottom surfaces, and between the bottom and the side surfaces are to 
be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of the top, bottom, and side surfaces are 0.70, 0.50, and 0.40, respectively. 
Analysis We consider the top surface to be surface 1, the bottom 

surface to be surface 2, and the side surface to be surface 3. This ^ T _ =T00TC'~''~~^\ 

system is a three-surface enclosure. The view factor from surface 1 8 1 _ q 

to surface 2 is determined from V 1 ’ y 

. r\ = 0.6 m 


'F\2 = 0-17 (Fig. 13-7) 


h= 1.2 m 


= 0.5 


L 1.2 

The surface areas are 


A l =A 2 =7 tD 2 /4 = 7t(1.2 m) 2 / 4 = 1.131m 

A 3 = tiDL = 1 .2 m)(l .2 m) = 4.524 m 2 

Then other view factors are determined to be 

^ 12 =^ 21 = 0.17 


r 3 = ? 

83 = 0.40 

= 650 K 

82 = 0.50 
r 2 = 0.6 m 


^11 + ^12 + ^13 _ ^ 


0 + 0.17 + F 13 =1 


F l3 =0.83 (summation rule), F 23 = F l3 =0.83 


A X F U = A 3 F 31 >(1.131)(0.83) = (4.524)F 31 >F 31 =0.21 (reciprocity rule), F 32 = F 3l =0.21 

We now apply Eq. 13-35 to each surface 

aF = J x + — [F n ~J 2 )+ F\ 3 U\ ~ J3 )] 

Surface 1: £l 

(5.67 xlO" 8 W/m 2 .K 4 )(500 K) 4 =J X + [°.17(Ji -J 2 ) + 0.83(J 1 -J 3 )\ 

° T 2 - J 2 "+ [^21 0^2 “ J \ ) + ^23 (^2 )] 

Surface 2: £l 

(5.67 xl0“ 8 W/m 2 .K 4 )(500 K) 4 = J 2 + 1 - ~ Q - 5Q [o,17(J 2 -J l ) + 0.S3(J 2 -J 3 )\ 

0 • 5 0 

CJT 3 4 =J 3 + [F n (J 3 -/]) + ^ 32 (J 3 - J 2 )] 

Surface 3: 

(5.67 x 10~ 8 W/m 2 .K 4 )r 3 4 =J 3 + 1 [0. 21 (J 3 -J l ) + 0.2l(J 3 -J 2 )\ 

We now apply Eq. 13-34 to surface 2 

02 = A [f 21 (J 2 - J x ) + F 23 (J 2 - J 3 )] = (1 . 1 3 1 m : 2 )[0. 1 1(J 2 - Jy ) + 0. 83(7 2 - J 3 )] 

Solving the above four equations, we find 

r 3 =631K, J x =4974W/m 2 , J 2 =8883W/m 2 , J 3 =8193W/m 2 
The rate of heat transfer between the bottom and the top surface is 

021 =A 2 F 2l (J 2 -/i) = (1.131m 2 )(0.17)(8883-4974)W/m 2 =751.6W 
The rate of heat transfer between the bottom and the side surface is 

023 =^ 23 (^ 2 -/ 3 ) = a.l31m 2 )(0.83)(8883-8193)W/m 2 = 648.0 W 

Discussion The sum of these two heat transfer rates are 751.6 + 644 = 1395.6 W, which is practically equal 
to 1400 W heat supply rate from surface 2. This must be satisfied to maintain the surfaces at the specified 
temperatures under steady operation. Note that the difference is due to round-off error. 
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13-103 A cylindrical furnace with specified top and bottom surface temperatures and specified heat 
transfer rate at the bottom surface is considered. The emissivity of the top surface and the net rates of heat 
transfer between the top and the bottom surfaces, and between the bottom and the side surfaces are to be 
determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 


Properties The emissivity of the bottom surface is 0.90. 

Analysis We consider the top surface to be surface 1, the base surface to 
be surface 2, and the side surface to be surface 3. This system is a three- 
surface enclosure. The view factor from the base to the top surface of the 
cube is from Fig. 13-5 F u = 0.2 . The view factor from the base or the top 

to the side surfaces is determined by applying the summation rule to be 

F \ 1 + F \2 + ^13 = 1 * ^13 = 1 - ^12 = 1 ~ 0.2 = 0.8 

since the base surface is flat and thus F n = 0 . Other view factors are 
Fix ~ F\2 ~ 0-20, F 23 - F n = 0.80, F 3l - F 32 = 0.20 

We now apply Eq. 9-35 to each surface 


3 m 



s 2 = 0.90 


oT , 4 = J x + [F n (J, -J 2 ) + F u (J 1 - J 3 )] 

Surface 1: 1 

(5.67 x KT 8 W/m 2 .K 4 )(700K) 4 =J X +— L [0.20(/j -J 2 )+ 0. 80(/j -/ 3 )] 

*1 


Surface 2: 


Surface 3 : 


oT 2 — J 2 -+ [^2i (^2 *^i) + ^ 23(^2 ^ 3 )] 

^2 

(5.67 xlO -8 W/m 2 .K 4 )(950K) 4 =J 2 + 1 ~ °^° [02Q(J 2 -J x ) + 0W(J 2 -J 3 )] 

oT 3 4 = J 3 

(5.67 xl(T 8 W/m 2 .K 4 )(450K) 4 = J 3 


We now apply Eq. 9-34 to surface 2 

Qi = ^ 2 [^2,(^2 -Jx y + F 23 (j 2 - J 3 )] = (9 m 2 )[0.20 (J 2 -J,) + 0.80(y 2 - J 3 )] 
Solving the above four equations, we find 

s, = 0.44, J \ = 1 1,736 W/m 2 , J 2 = 41,985 W/m 2 , J 3 = 2325 W/m 2 
The rate of heat transfer between the bottom and the top surface is 
A 1 - A 2 - (3 m) 2 = 9 m 2 


Qix =A 2 F 2 \(J 2 - ) = (9 m 2 )(0.20)(4 1,985 - 1 1,736) W/m 2 = 54.4 kW 
The rate of heat transfer between the bottom and the side surface is 
A 3 =4 Aj =4(9m 2 ) = 36m 2 

023 = A 2 F 23 {J 2 ~ J 3 ) = (9 m 2 )(0. 8)(4 1,985 -2325)' W/m 2 =285.6 kW 

Discussion The sum of these two heat transfer rates are 54.4 + 285.6 = 340 kW, which is equal to 340 kW 
heat supply rate from surface 2. 
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13-104 A thin aluminum sheet is placed between two very large parallel plates that are maintained at 
uniform temperatures. The net rate of radiation heat transfer between the plates and the temperature of the 
radiation shield are to be determined. 

Assumptions 1 Steady operating conditions exist 2 
The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 



Properties The emissivities of surfaces are given to 
be S\ = 0.8, 6*2 = 0.7, and s 3 = 0. 12. 

Analysis The net rate of radiation heat transfer with a 
thin aluminum shield per unit area of the plates is 


T\ = 750 K 

Si = 0.8 


012 , 


ct(T x a -T 2 4 ) 



T 2 = 400 K 
s 2 = 0.7 



one shield 


1 1 


v^l s 2 

(5.67x10 


+ 


1 


^ 3,1 ^ 3,2 


W/m 2 • K 4 )[(750 K ) 4 - (400 K ) 4 ] 


r 


1 


1 


v 


0.8 0.7 

2 


1 


+ 


1 


1 


1 


0.12 0.12 


= 951 W/m 

The equilibrium temperature of the radiation shield is determined from 


013 ~ 


a(T x 4 -T 3 4 ) 


■>951 W/m 2 - (5 - 67xl0 ~ 8 W/m2 -K 4 )[(750K) 4 - T 3 4 ] 


1 1 

— + — 


K £ i 


r 


1 


1 


1 


0.8 0.12 


Radiation shield 
s 3 = 0.12 


->7\ = 644 K 
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13-105 Two thin radiation shields are placed between two large parallel plates that are maintained at 
uniform temperatures. The net rate of radiation heat transfer between the plates with and without the 
shields, and the temperatures of radiation shields are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of surfaces are given to be S\ = 0.6, e 2 = 0.7, £ 3 = 0.10, and £4 = 0.15. 
Analysis The net rate of radiation heat transfer without 

the shields per unit area of the plates is mmmmssmssssssmssssssssisssm 


.no shield 


C ) 

T + J__i 

£•1 £ 2 

(5.67xl(T 8 W/m 2 -K 4 )[(600K) 4 -(300 K) 4 ] 
0.6 0.7 


= 3288 W/m 

The net rate of radiation heat transfer with two thin 
radiation shields per unit area of the plates is 


12, two-shields 


1 1 


£\ £ 


gQTi 4 — t 2 4 ) 

'l 1 ^ 


+ — 1 + — + — 1 + — 1 


^3 ^3 


1 1 


£4 £4 


(5.67xl0~ 8 W/m 2 -K 4 )[(600K) 4 -(300 K) 4 ] 


1.1 0 . 

1 1 + 

0.6 0.7 


i.i o. 

1 1 + 

0.10 0.10 


—+— — 1 
0.15 0.15 


T\ = 600 K 

81 = 0.6 


83 = 0.10 


84 = 0.15 


T 2 = 300 K 
82 = 0.7 


= 206 W/m 

The equilibrium temperatures of the radiation shields are determined from 


013 ~ 


^(Ti 4 ~t 3 4 ) 

f-uX-.l 

V s \ J 


2Q6W/ 2 (5.67xlQ- 8 W/m 2 -K 4 )[(600K) 4 -r 3 4 ] 

(— + — 1 ) 

0.6 0.10 


T, = 549 K 


042 ~ 


<7(T 4 4 -T 2 4 ) 

f - L .- L.il 


2Q6W/ 2 (5.67 x IQ- 8 W/m 2 -K 4 )[r 4 4 -(300K) 4 ] 

0.15 0.7 


T a = 429 K 
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13-106 Radiation heat transfer occurs between two square parallel plates. The view factors, the rate of 
radiation heat transfer and the temperature of a third plate to be inserted are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 

Properties The emissivities of plate a, b, and c are given to be s a = 0.8, Sb = 0.4, and e c = 0. 1, respectively. 
Analysis ( a ) The view factor from surface a to surface b is determined as follows 


a 20 6 60 

A = — = — = 0.5, B = — = — = 1.5 
L 40 L 40 


f „ u =±^\\b + A) 2 + 4 


0.5 


(B-A) 


+ 4 


0.5 


ah 2 A l 1 

The view factor from surface b to surface a is 
determined from reciprocity relation: 


2(0.5) 


V 


0.5 


5 + 0.5) +4 - (1.5-0.5) z +4 


[o. 


0.5 


= 0.592 


A a = (0.2 m)(0.2m) = 0.04 m 
A h = (0.6 m)(0.6 m) = 0.36 m 


A a F a b ~ ^b^ba 


(0.04)(0.592) = (0.3 6)F ba 


>F ha =0.0658 



(b) The net rate of radiation heat transfer between the surfaces can be determined from 

b i (5.67 x 10^ 8 W/m 2 -K 4 )[(l073K) 4 -(473 K) 


Qab ~ 


cr\T a 4 -T* 4 


4 


1 -s. 


1 


1 -Si 


1 - 0.8 


1 


1-0.4 


= 1374 W 


A a s a A a F ah A h s h (0.04m 2 )(0.8) (0.04m 2 )(0.592) (0.36 m 2 )(0.4) 

(c) In this case we have 




L 0.2 m 


L 0.2 m 




Fac 2 A l 1 


C + A Y +4 


0.5 


(C-A) 


+ 4 


0.5 


2(0.5) 


i< 


10.5 


10 + 0.5) +4 - (10-0.5) z +4 


[c 


0.5 


= 0.981 


= ^ = = c =—= FFb = io 


L 0.2 m 


L 0.2 m 


F bc = 2- {[(C + By 2 + 4] 05 - [(C - B ) 2 + 4] 0 5 } 


2(3) 


0.5 


10 + 3) z +4| —[(10 — 3)^ +4 


0.5 


= 0.979 


A b F bc - A c F cb 


(0.36)(0.979) = (4.0 )F cb 
An energy balance gives 


>F ba =0.0881 


Qac ~ Qcb 


a\T a 4 -T c 4 


cr 17) . 4 - 7), 4 


l-£. 


1 


I - l-£. 


A a £ a 


A a F ac 


A c £ c 


A c £ c 


A c F ch 


(1073 K) 4 -T c 4 


, l ~ £ b 
A b £ b 

T 4 - (473 K) 4 


1 - 0.8 


1 - 0.1 


1 - 0.1 


1-0.4 


(0.04 m 2 )(0.8) (0.04 m 2 )(0. 981) (4m 2 )(0.1) (4m 2 )(0.1) (4 m 2 )(0.0881) (0.36 m 2 )(0.4) 


Solving the equation with an equation solver such as EES, we obtain T c = 754 K = 481 °C 
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13-107 Radiation heat transfer occurs between two concentric disks. The view factors and the net rate of 
radiation heat transfer for two cases are to be determined. 

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 
Convection heat transfer is not considered. 


Properties The emissivities of disk 1 and 2 are given to be s a = 0.6 and Sb = 0.8, respectively. 
Analysis ( a ) The view factor from surface 1 to surface 2 is determined using Fig. 13-7 as 


L 

r \ 


0.10 

020 



0.10 

oio 



= 0.19 


Using reciprocity rule, 



A 1 =40.2m ) 2 = 0.1257 m 2 
A 2 = ;r(0.1m) 2 = 0.0314 m 2 



A 

A. 


F 


12 


0.1257m 2 

0.0314m 2 


(0.19) = 0.76 



A 


L 
y. 


(b) The net rate of radiation heat transfer between the surfaces can be determined from 

(5.67 xlO' 8 W/m 2 •K 4 )[(l073K) 4 -(573K) 4 


Q = 


ct\T\ 4 - 7 , 4 


l-£l 


1 


\-8 


1 - 0.6 


1 


1 - 0.8 


= 1250 W 


A x s x A X F X2 A 2 s 2 (0.1257 m 2 )(0.6) (0.1257 m 2 )(0.19) (0.0314 m 2 )(0.8) 


(c) When the space between the disks is completely surrounded by a refractory surface, the net rate of 
radiation heat transfer can be determined from 


0 = 


A x a(F~T 2 A ) 


A x +A 2 2A x F X2 ^ 

f-L-.l 

^1 J 

x 1 0 -8 1 

+ A i 

r i 

1 

) 

[(K 

)73 K) 4 -(573 K) 4 

^2 — A\F X2 
(0.1257 m 2 )(5.67 

A 2 

W/m 2 

l e 2 

•K 4 ) 

0.1257 + 0.03 14 - 2(0. 1257)(0.19) 

f 1 ll 

0.1257 

i 

r i 

0.03 14 - (0.1257)(0.19) 2 

L 0.6 J 

0.0314 

^0.8 


= 1510 W 


Discussion The rate of heat transfer in part (c) is 21 percent higher than that in part (b). 
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13-108 Combustion gases flow inside a tube in a boiler. The rates of heat transfer by convection and 
radiation and the rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 
Combustion gases are assumed to have the properties of air, which is an ideal gas with constant properties. 

Properties The properties of air at 1200 K = 927°C and 1 atm are (Table A- 15) 
p = 0.2944 kg/m 3 


k = 0.07574 W/m.°C 
v = 1.586xl0‘ 4 m 2 /s 
c p =1173 J/kg.°C 
Pr = 0.7221 

Analysis (a) The Reynolds number is 

(3 m/s)(0.15m) 


Re = 




v 


1.586xl0~ 4 m 2 /s 


= 2837 


p = i05°c 



Combustion 
gases, 1 atm 
Tj = 1200 K 
3 m/s 


which is a little higher than 2300, and thus we assume laminar flow. The Nusselt number in this case is 


Nu 



3.66 


Heat transfer coefficient is 


* = —Nu = 0-07574 W/m.°C = 1 m w/m ^ c 
D 0.15m 

Next we determine the exit temperature of air 

A = 7tDL = ;r(0. 15 m)(6 m) = 2.827 m 2 
A c =nD 2 /4 = ;r(0.15m) 2 /4 = 0.01767m 2 
m - pVA = (0.2944 kg/m 3 )(3m/s)(0.01767m 2 ) = 0.01561kg/s 


_ (1.848)(2.827) 

T e = T S - (T s - Tj ) e ~ hA ,{mc p ) =105-(105-927)e (0 01561)(1173 ) = 72 3.0°C 
Then the rate of heat transfer by convection becomes 

g conv = mc p (T i -T e ) = (0.01561 kg/s)(1173 J/kg.°C)(927 -723)°C = 3735 W 

Next, we determine the emissivity of combustion gases. First, the mean beam length for an infinite circular 
cylinder is, from Table 13-4, 

L = 0.95(0.15 m) = 0.1425 m 

Then, 

P C L = (0.08 atm)(0. 1425 m) = 0.01 14 m • atm = 0.037 ft • atm 
P W L = (0.16 atm)(0. 1425 m) = 0.0228 m • atm = 0.075 ft - atm 

The emissivities of CO 2 and H 2 0 corresponding to these values at the average gas temperature of 
T g =(T g +T g )/2 = (927+723)/2 = 825°C = 1098 K and latm are, from Fig. 13-36, 

£ c,utm =0.055 and e wMtm =0.045 

Both C0 2 and H 2 0 are present in the same mixture, and we need to correct for the overlap of emission 
bands. The emissivity correction factor at T = T g = 1 100 K is, from Fig. 13-38, 
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P C L + P W L = 0.037 + 0.075 = 0.112 

P w = 0-16 = Q 6? l As = 0.0 

P w + P c 0.16 + 0.08 

Then the effective emissivity of the combustion gases becomes 

s g = C c s clatm +C w £ w>latm - As = 1x0.055 + 1x0.045-0.0 = 0.100 

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source 
temperature of T s = 105°C = 378 K, the absorptivity of the gas is again determined using the emissivity 
charts as follows: 

T 378 K 

P r L — = (0.08 atm)(0. 1425 m) = 0.00392 m • atm = 0.0 13 ft • atm 

T 1098 K 

o 

T 378 K 

P W L-^- = (0.16 atm)(0. 1425 m) = 0.00785 m- atm = 0.026 ft - atm 

T g 1098 K 

The emissivities of C0 2 and H 2 0 corresponding to these values at a temperature of T s = 378 K and latm 
are, from Fig. 13-36, 

*C, latm =0.032 and e wUtm = 0.049 
Then the absorptivities of C0 2 and H 2 0 become 

T ( 1 098 kN 0 ' 65 

a c =C c ^ s cMim = (1) — — (0.032) = 0.0640 

\*s ) ^ 3 /o K 7 

/ rp \ 0.45 , x 0 45 

1 f 1 AQO 1/ \ 

«, = + -4- s wMm = (1) — — (0.049) = 0.0792 

\*s y V^ /8 i^7 

Also Aa = As, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T s = 378 K 
instead of T g = 1098 K. We use the chart for 400 K. At PJ(P W + P c ) = 0.67 and P C L +PJL = 0. 1 12 we read 
As = 0.0. Then the absorptivity of the combustion gases becomes 

a g = a c + cc w - A a = 0.0640 + 0.0792-0.0 = 0.143 

The emissivity of the inner surfaces of the tubes is 0.9. Then the net rate of radiation heat transfer from the 
combustion gases to the walls of the tube becomes 

Qr ad=^Y+^+ g 4 -«+/) 

= M±i (2.827 m 2 )(5.67xl(T 8 W/m 2 -K 4 )[0.100(1098K) 4 -0.143(378 K) 4 ] 

= 21,690 W 

( b ) The heat of vaporization of water at 1 atm is 2257 kJ/kg (Table A-9). Then rate of evaporation of water 
becomes 
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13-109 Combustion gases flow inside a tube in a boiler. The rates of heat transfer by convection and 
radiation and the rate of evaporation of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 
Combustion gases are assumed to have the properties of air, which is an ideal gas with constant properties. 


Properties The properties of air at 1200 K = 927°C and 3 atm are (Table A- 15) 
p = 0.2944 kg/m 3 


k = 0.07574 W/m.°C 

v = (1.586xl0' 4 m 2 /s)/3 = 0.5287 xl(T 4 m 2 /s 

c p =1173 J/kg.°C 
Pr = 0.7221 

Analysis (a) The Reynolds number is 

Rc _ F avg £> _ (3 m/s)(0.15 m) _ g5U 
v 0.5287 x 10~ 4 m 2 /s 


D = 1 5 cm 


P = 105°C 


Combustion 
gases, 3 atm 
T t = 1200 K 
3 m/s 


which is greater than 2300 and close to 10,000. We assume the flow to be turbulent. The entry lengths in 
this case are roughly 

L h *L t ~ 10£> = 10(0.15 m) = 1.5 m 

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 

hD 

Nu = — = 0.023 Re 0 ' 8 Pr 03 = 0.023(8511)°' 8 (0.7221) 0 - 3 =29.06 

k 


Heat transfer coefficient is 


h _ * Nu _ Q - 07574 W/m - ° C ^ i a /in \\t i 2 

D 0.15m 


(29.06) = 14.67 W/m 2 .°C 


Next we determine the exit temperature of air 

A = ttDL = jt( 0. 15 m)(6 m) = 2.827 m 2 
A c = 7 jD 2 /4 = ;r(0.15 m) 2 /4 = 0.01767 m 2 
m = pVA c = (0.2944 kg/m 3 )(3 m/s)(0.01767 m 2 ) = 0.0 1561 kg/s 


(14.67X2.827) 

T e =T S ~(T S ~T i ) e ~ hAI(mc p ) =105-(105-927)e (aol561)(1173) = 190.4°C 
Then the rate of heat transfer by convection becomes 

Gconv = me p (Ti -T e ) = (0.01561 kg/s)(l 173 J/kg.°C)(927 -190.4)°C = 13,490 W 


Next, we determine the emissivity of combustion gases. First, the mean beam length for an infinite circular 
cylinder is, from Table 13-4, 

L = 0.95(0.15 m) = 0.1425 m 

P C L = (0.08 atm)(0. 1425 m) = 0.01 14 m • atm = 0.037 ft • atm 

Then, 

P W L = (0.16 atm)(0. 1425 m) = 0.0228 m • atm = 0.075 ft • atm 

The emissivities of CO 2 and H 2 0 corresponding to these values at the average gas temperature of 
T g =(T g +T g )l 2 = (927+190)/2 = 559°C = 832 K and latm are, from Fig. 13-36, 

=0.055 and e wUtm = 0.062 
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These are the base emissivity values at 1 atm, and they need to be corrected for the 3 atm total pressure. 
Noting that (P w +P)/2 = (0.16+3)/2 = 1.58 atm, the pressure correction factors are, from Fig. 13-37, 

C c = 1.5 and C w =1.8 


Both CO2 and H 2 0 are present in the same mixture, and we need to correct for the overlap of emission 
bands. The emissivity correction factor at T = T g = 832 K is, from Fig. 13-38, 


P C L + P W L = 0.037 + 0.075 = 0. 1 12 
— — _ (X16 _ 0 67 

P w +P c 0.16 + 0.08 


Ae = 0.0 


Then the effective emissivity of the combustion gases becomes 

£ g = C c s c x atm + C w £ Wi 1 atm - = 1 .5 x 0.05 5 + 1 .8 x 0.062 - 0.0 = 0. 1 94 


For a source temperature of T s = 105°C = 378 K, the absorptivity of the gas is again determined using the 
emissivity charts as follows: 

T 378 K 

P r L -A- = (0.08 atm)(0.1425 m) = 0.00518 m - atm = 0.017 ft • atm 

T g 832 K 

T 378 K 

P W L — = (0.16 atm)(0. 1425 m) = 0.0104 m • atm - 0.034 ft • atm 

T g 832 K 


The emissivities of C0 2 and H 2 0 corresponding to these values at a temperature of T s = 378 K and latm 
are, from Fig. 13-36, 

ffc.iatm =0.037 and * w , latm =0.062 


Then the absorptivities of C0 2 and H 2 0 become 


a c=C c 


{ r r A 0-65 
g 

T 

\ S J 


c , 1 atm 


= (1.5) 


832 K 
378 K 


0.65 


(0.037) = 0.0927 


\0-45 


a =C 


T. 


g 


T 

\ S J 


w, 1 atm 


= ( 1 - 8 ) 


832 K 
378 K 


A 


0.45 


(0.062) = 0.1592 


Also Act = As, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T s = 378 K 
instead of T g = 832 K. We use the chart for 400 K. At PJ(P W + P c ) = 0.67 and P C L +PJL = 0. 1 12 we read 
As = 0.0. Then the absorptivity of the combustion gases becomes 

a g = a c +a w - A a = 0.0927 + 0.1592-0.0 = 0.252 

The emissivity of the inner surfaces of the tubes is 0.9. Then the net rate of radiation heat transfer from the 
combustion gases to the walls of the tube becomes 

= M±i(2.827m 2 )(5.67xl(T 8 W/m 2 -K 4 )[0.194(832 K) 4 -0.252(378 K) 4 ] 

= 13,370 W 

( b ) The heat of vaporization of water at 1 atm is 2257 kJ/kg (Table A-9). Then rate of evaporation of water 
becomes 


Qconv + (?rad ~ "'evap^/g > m 


0conv+0rad (13,490 + 13,370) W 


evap 


h 


fg 


2257x10 3 J/kg 


= 0.0119 kg/s 
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Fundamentals of Engineering (FE) Exam Problems 


13-110 Consider two concentric spheres with diameters 12 cm and 18 cm, forming an enclosure. The view 
factor from the inner surface of the outer sphere to the inner sphere is 

(a) 0 (b) 0.18 (c) 0.44 (d) 0.56 (e) 0.67 


Answer (c) 0.44 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D1=0.12 [m] 

D2=0.18 [m] 

A1=pi*D1 A 2 
A2=pi*D2 A 2 
F 1 2= 1 

A1 *F_1 2=A2*F_2 1 "Reciprocity relation" 

"Some Wrong Solutions with Common Mistakes" 
W1_F_21=F_12 "Using F_12 as the answer" 
D1*F_12=D2*W2_F_21 "Using diameters instead of areas" 
W3 F 21=1 -F 21 "Evaluation of F 22" 


13-111 Consider an infinitely long three-sided enclosure with side lengths 2 cm, 3, cm, and 4 cm. The view 
factor from the 2 cm side to the 4 cm side is 

(a) 0.25 (b) 0.50 (c) 0.64 (d) 0.75 (e) 0.87 


Answer (d) 0.75 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


w1=2 [cm] 
w2=3 [cm] 
w3=4 [cm] 

F_13=(w1+w3-w2)/(2*w1) "from Table 12-2" 


"Some Wrong Solutions with Common Mistakes" 
W_F_13=(w1+w2-w3)/(2*w1) "Using incorrect form of the equation" 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


13-85 


13-112 Consider a 15-cm-diameter sphere placed within a cubical enclosure with a side length of 15 cm. 
The view factor from any of the square cube surface to the sphere is 

(a) 0.09 (b) 0.26 (c) 0.52 (d) 0.78 (e) 1 

Answer (c) 0.52 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=0.15 [m] 
s=0.15 [m] 

A1=pi*D A 2 
A2=6*s A 2 
F 1 2= 1 

A1*F_12=A2*F_21 "Reciprocity relation" 

"Some Wrong Solutions with Common Mistakes" 

W_F_21=F_21/6 "Dividing the result by 6" 


13-113 The number of view factors that need to be evaluated directly for a 10-surface enclosure is 
(a) 1 (b) 10 (c) 22 (d) 34 (e) 45 

Answer (e) 45 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


N=10 

n_viewfactors=1/2*N*(N-1) 


13-114 A 70-cm-diameter flat black disk is placed in the center of the top surface ofalmxlmx lm 
black box. The view factor from the entire interior surface of the box to the interior surface of the disk is 

(a) 0.077 (b) 0.144 (c) 0.356 (d) 0.220 (e) 1.0 

Answer (a) 0.077 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

d=0.7 [m] 

A1=pi*d A 2/4 [m A 2] 

A2=5*1*1 [m A 2] 

F 1 2=1 

F21=A1*F12/A2 
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13-115 Consider two concentric spheres forming an enclosure with diameters 12 and 18 cm and surface 
temperatures 300 and 500 K, respectively. Assuming that the surfaces are black, the net radiation exchange 
between the two spheres is 

(a) 21 W (b) 140 W (c) 160 W (d) 1275 W (e) 3084 W 


Answer (b) 140 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D1=0.12 [m] 

D2=0.18 [m] 

T1=300 [K] 

T2=500 [K] 

sigma=5.67E-8 [W/m A 2-K A 4] 

A1=pi*D1 A 2 
F_1 2= 1 

Q_dot=A1 *F_1 2*sigma*(T2 A 4-T1 A 4) 

"Some Wrong Solutions with Common Mistakes" 
W1_Q_dot=F_12*sigma*(T2 A 4-T1 A 4) "Ignoring surface area" 
W2_Q_dot=A1*F_12*sigma*T1 A 4 "Emissive power of inner surface" 
W3_Q_dot=A1*F_12*sigma*T2 A 4 "Emissive power of outer surface" 


13-116 The base surface of a cubical furnace with a side length of 3 m has an emissivity of 0.80 and is 
maintained at 500 K. If the top and side surfaces also have an emissivity of 0.80 and are maintained at 900 
K, the net rate of radiation heat transfer from the top and side surfaces to the bottom surface is 

(a) 194 kW (b) 233 kW (c) 288 kW (d)312kW (e) 242 kW 


Answer (b) 233 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Sigma=5.67 

T1=500 

T2=900 

A1=3*3 

A2=5*A1 

Eps1=0.8 

Eps2=0.8 

F 1 2=1 

Q=sigma*((T1/1 00) A 4-(T2/1 00) A 4)/(((1 -Epsl )/(A1 *Eps1 )+1/(A1 *F1 2)+(1 -Eps2)/(A2*Eps2))) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q=A1 *Eps1*sigma*((T 1/1 00) A 4-(T2/1 00) A 4) 
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13-117 Consider a vertical 2-m-diameter cylindrical furnace whose surfaces closely approximate black 
surfaces. The base, top, and side surfaces of the furnace are maintained at 400 K, 600 K, and 900 K, 
respectively. If the view factor from the base surface to the top surface is 0.2, the net radiation heat transfer 
between the base and the side surfaces is 

(a) 22.5 kW (b) 38.6 kW (c)60.7kW (d) 89.8 kW (e) 151 kW 

Answer (d) 89.8 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=2 [m] 

T1=400 [K] 

T2=600 [K] 

T3=900 [K] 

F_1 2=0.2 

A1=pi*D A 2/4 

A2=A1 

F_13=1-F_12 

sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot_1 3=A1*F_1 3*sigma*(T 1 A 4-T3 A 4) 

"Some Wrong Solutions with Common Mistakes" 

W_Q_dot_13=A1*F_12*sigma*(T1 A 4-T3 A 4) "Using the view factor between the base and top 
surfaces" 


13-118 Consider a vertical 2-m-diameter cylindrical furnace whose surfaces closely approximate black 
surfaces. The base, top, and side surfaces of the furnace are maintained at 400 K, 600 K, and 900 K, 
respectively. If the view factor from the base surface to the top surface is 0.2, the net radiation heat transfer 
from the bottom surface is 

(a) -93.6 kW (b)-86.1kW (c) 0 kW (d) 86.1 kW (e) 93.6 kW 

Answer (a) -93.6 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D=2 [m] 

T1=400 [K] 

T2=600 [K] 

T3=900 [K] 

A1=pi*D A 2/4 
A2=A1 
F_1 2=0.2 
F_13=1-F_12 

sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot_1 2=A1 *F_1 3*sigma*(T 1 A 4-T2 A 4) 

Q_dot_1 3=A1 *F_1 3*sigma*(T1 A 4-T3 A 4) 

Q_dot_1 =Q_dot_1 2+Q_dot_1 3 

"Some Wrong Solutions with Common Mistakes" 

W1_Q_dot_1=-Q_dot_1 "Using wrong sign" 

W2_Q_dot_1=Q_dot_12-Q_dot_13 "Substracting heat transfer terms" 
W3_Q_dot_1=Q_dot_13-Q_dot_12 "Substracting heat transfer terms" 
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13-119 Consider a surface at 0°C that may be assumed to be a blackbody in an environment at 25°C. If 300 
W/m radiation is incident on the surface, the radiosity of this black surface is 

(a) 0 W/m 2 (b) 15 W/m 2 (c) 132 W/m 2 (d) 300 W/m 2 (e) 315 W/m 2 

Answer (e) 315 W/m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=0 [C] 

T_i nf i n ity =25 [C] 

G=300 [W/m A 2] 
sigma=5.67E-8 [W/m A 2-K A 4] 

J=sigma*(T+273) A 4 "J=E_b for a blackbody" 

"Some Wrong Solutions with Common Mistakes" 

W1_J=sigma*T A 4 "Using C unit for temperature" 

W2_J=sigma*((T_infinity+273) A 4-(T+273) A 4) "Finding radiation exchange between the surface 
and the environment" 

W3_J=G "Using the incident radiation as the answer" 

W4_J=J-G "Finding the difference between the emissive power and incident radiation" 


13-120 Consider a gray and opaque surface at 0°C in an environment at 25°C. The surface has an 
emissivity of 0.8. If 300 W/m radiation is incident on the surface, the radiosity of the surface is 

(a) 60 W/m 2 (b) 132 W/m 2 (c) 300 W/m 2 (d) 312 W/m 2 (e) 3 15 W/m 2 


Answer (d) 312 W/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=0 [C] 

T_infinity=25 [C] 
epsilon=0.80 
G=300 [W/m A 2] 
sigma=5.67E-8 [W/m A 2-K A 4] 

J=epsilon*sigma*(T+273) A 4+(1-epsilon)*G 

"Some Wrong Solutions with Common Mistakes" 

W1_J=sigma*(T+273) A 4 "Radiosity for a black surface" 

W2_J=epsilon*sigma*T A 4+(1-epsilon)*G "Using C unit for temperature" 
W3_J=sigma*((T_infinity+273) A 4-(T+273) A 4) "Finding radiation exchange between the surface 
and the environment" 

W4_J=G "Using the incident radiation as the answer" 
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13-121 Consider a two-surface enclosure with T\ = 550 K, A\ = 0.25 m 2 , s\ = 0.65, T 2 = 350 K, A 2 = 0.40 
m , s 2 = 1. If the view factor F 2 i is 0.55, the net rate of radiation heat transfer between the surfaces is 
(a) 460 W (b) 539 W (c) 648 W (d) 772 W (e) 828 W 

Answer (c) 648 W 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T1=550 [K] 

A1=0.25 [m A 2] 
epsilon_1=0.65 
T2=350 [K] 

A2=0.40 [m A 2] 

epsilon_2=1 

F_21=0.55 

sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot_1 2=(sigma*(T 1 A 4-T2 A 4))/(( 1 -epsilon_1 )/(A1 *epsilon_1 )+ 1 /(A2*F_2 1 )) 

"Some Wrong Solutions with Common Mistakes" 

W1_Q_dot_12=(sigma*(T1 A 4-T2 A 4))/((1-epsilon_1)/(A1*epsilon_1)+1/(A1*F_21)) "Using A1*F_21 
in the relation" 

W2_Q_dot_12=(sigma*(T1 A 4-T2 A 4))/((1-epsilon_1)/(A1*epsilon_1)+1/(A2*F_21)+(1- 
epsilon_1)/(A2*epsilon_1)) "Using surface resistance of surface 2" 


13-122 Consider two infinitely long concentric cylinders with diameters 20 and 25 cm. The inner surface is 
maintained at 700 K and has an emissivity of 0.40 while the outer surface is black. If the rate of radiation 
heat transfer from the inner surface to the outer surface is 2400 W per unit area of the inner surface, the 
temperature of the outer surface is 

(a) 605 K (b) 538 K (c)517K (d)451K (e)415K 

Answer (a) 605 K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D1=0.20 [m] 

D2=0.25 [m] 

T1=700 [K] 

epsilon_1=0.40 

epsilon_2=1 

Q_dot_1 2=2400 [W/m A 2] 
sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot_1 2=epsilon_1 *sigma*(T1 A 4-T2 A 4) 

"Some Wrong Solutions with Common Mistakes" 

Q_dot_12=(sigma*(T1 A 4-W1_T2 A 4))/((1/epsilon_1)+(1-epsilon_1)/epsilon_1*D1/D2) "Incorrect 
equation" 

A1=pi*D1*1[m] "Finding the area for a unit length of the inner cylinder" 

Q_dot_1 2=A1 *epsilon_1 *sigma*(T1 A 4-W2_T2 A 4) 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


13-90 


13-123 Two concentric spheres are maintained at uniform temperatures T\ = 45°C and T 2 = 280°C and have 
emissivities S\ = 0.25 and s 2 — 0.7, respectively. If the ratio of the diameters is DJD 2 = 0.30, the net rate of 
radiation heat transfer between the two spheres per unit surface area of the inner sphere is 
(a) 86 W/m 2 (b) 1 1 69 W/m 2 (c) 1181 W/m 2 (d) 25 1 0 W/m 2 (e) 3306 W/m 2 

Answer (b) 1169 W/m 2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T1=45 [C] 

T2=280 [C] 
epsilon_1=0.25 
epsilon_2=0.70 
D1\D2=0.30 

sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot=((sigma*((T2+273) A 4-(T1+273) A 4)))/((1/epsilon_1 )+(1-epsilon_2)/epsilon_2*D1\D2 A 2) 
"Some Wrong Solutions with Common Mistakes" 

W1_Q_dot=((sigma*(T2 A 4-T1 A 4)))/((1/epsilon_1)+(1-epsilon_2)/epsilon_2*D1\D2 A 2) "Using C 
unit for temperature" 

W2_Q_dot=epsilon_1*sigma*((T2+273) A 4-(T1+273) A 4) "The equation when the outer sphere is 
black" 

W3_Q_dot=epsilon_2*sigma*((T2+273) A 4-(T1+273) A 4) "The equation when the inner sphere is 
black" 


13-124 Consider a 3-m x 3-m x 3-m cubical furnace. The base surface of the furnace is black and has a 
temperature of 400 K. The radiosities for the top and side surfaces are calculated to be 7500 W/nr and 
3200 W/m", respectively. The net rate of radiation heat transfer to the bottom surface is 

(a) 2.61 kW (b) 8.27 kW (c)14.7kW (d) 23.5 kW (e) 141 kW 

Answer (d) 23.5 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

s=3 [m] 

T1=400 [K] 
epsilon_1=1 
J2=7500 [W/m A 2] 

J3=3200 [W/m A 2] 
sigma=5.67E-8 [W/m A 2-K A 4] 

A1=s A 2 
F_1 2=0.2 
F_1 3=0.8 
J1=sigma*T1 A 4 

Q_dot_1 =A1*(F_12*(J1 -J2)+F_1 3*( J 1 - J3)) 

"Some Wrong Solutions with Common Mistakes" 

W 1 _Q_dot_1 =(F_1 2*(J 1 -J2)+F_1 3*( J 1 - J3)) "Not multiplying with area" 

W2_A1 =6*s A 2 "Using total area" 

W2_Q_dot_1 = W2_A1 *(F_12*(J1 -J2)+F_1 3*(J 1 -J3)) 
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13-125 Consider a 3-m x 3-m x 3-m cubical furnace. The base surface is black and has a temperature of 
400 K. The radiosities for the top and side surfaces are calculated to be 7500 W/m and 3200 W/m , 
respectively. If the temperature of the side surfaces is 485 K, the emissivity of the side surfaces is 
(a) 0.37 (b) 0.55 (c) 0.63 (d) 0.80 (e) 0.89 


Answer (e) 0.89 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


s=3 [m] 

T 1 =400 [K] 
epsilon_1=1 
J2=7500 [W/m A 2] 

J3=3200 [W/m A 2] 

T3=485 [K] 

sigma=5.67E-8 [W/m A 2-K A 4] 

F_31=0.2 

F_32=F_31 

J1=sigma*T1 A 4 

sigma*T3 A 4=J3+(1-epsilon_3)/epsilon_3*(F_31*(J3-J1 )+F_32*(J3-J2)) 


13-126 Two very large parallel plates are maintained at uniform temperatures T\ = 750 K and T 2 = 500 K 
and have emissivities S\ = 0.85 and s 2 = 0.7, respectively. If a thin aluminum sheet with the same 
emissivity on both sides is to be placed between the plates in order to reduce the net rate of radiation heat 
transfer between the plates by 90 percent, the emissivity of the aluminum sheet must be 

(a) 0.07 (b) 0.10 (c) 0.13 (d) 0.16 (e) 0.19 


Answer (c)0.13 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T1=750 [K] 

T2=500 [K] 
epsilon_1=0.85 
epsilon_2=0.70 
f=0.9 

sigma=5.67E-8 [W/m A 2-K A 4] 

Q_dot_noshield=(sigma*(T1 A 4-T2 A 4))/((1/epsilon_1)+(1/epsilon_2)-1 ) 
Q_dot_1shield=(1-f)*Q_dot_noshield 

Q_dot_1shield=(sigma*(T1 A 4-T2 A 4))/((1/epsilon_1)+(1/epsilon_2)-1+(1/epsilon_3)+(1/epsilon_3)- 

i) 
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13-127 A 70-cm-diameter flat black disk is placed in the center of the top surface ofalmxlmx lm 
black box. If the temperature of the box is 427°C and the temperature of the disk is 27°C, the rate of heat 
transfer by radiation between the interior of the box and the disk is 

(a) 2 kW (b) 3 kW (c) 4 kW (d) 5 kW (e) 6 kW 


Answer (d) 5 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


d=0.7 [m] 

A1=pi*d A 2/4 [m A 2] 

A2=5*1*1 [m A 2] 

F 1 2=1 
T2=700 [K] 

T1=300 [K] 

F21=A1*F12/A2 

Q=A2*F21 *sigma#*(T2 A 4-T 1 A 4) 


13-128 A 70-cm-diameter flat disk is placed in the center of the top ofalmxlmx lm black box. If 
the temperature of the box is 427 °C, the temperature of the disk is 27 °C, and the emissivity of the interior 
surface of the disk is 0.3, the rate of heat transfer by radiation between the interior of the box and the disk 
is 

(a)l.OkW (b) 1.5 kW (c) 2.0 kW (d) 2.5 kW (e) 3.2 kW 


Answer (b) 1.5 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

d=0.7 [m] 

A1=pi*d A 2/4 [m A 2] 

A2=5*1*1 [m A 2] 

F 1 2=1 
T2=700 [K] 

T1=300 [K] 
e1=0.3 

F21=A1*F12/A2 

Q=sigma#*(T2 A 4-T 1 A 4)/((1/(A2*F21 ))+(1 -el )/(A1 *e1 )) 
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13-129 Two grey surfaces that form an enclosure exchange heat with one another by thermal radiation. 
Surface 1 has a temperature of 400 K, an area of 0.2 m , and a total emissivity of 0.4. Surface 2 has a 
temperature of 600 K, an area of 0.3 m% and a total emissivity of 0.6. If the view factor F [2 is 0.3, the rate 
of radiation heat transfer between the two surfaces is 

(a) 135 W (b) 223 W (c) 296 W (d) 342 W (e) 422 W 


Answer (b) 223 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


A1=0.2 [m A 2] 

T1=400 [K] 
e1=0.4 
A2=0.3 [m A 2] 

T2=600 [K] 

e2=0.6 

F12=0.3 

R1=(1-e1)/(A1*e1) 

R2=1/(A1*F12) 

R3=(1-e2)/(A2*e2) 

Q=sigma#*(T2 A 4-T 1 A 4)/(R1 +R2+R3) 


13-130 The surfaces of a two-surface enclosure exchange heat with one another by thermal radiation. 
Surface 1 has a temperature of 400 K, an area of 0.2 m , and a total emissivity of 0.4. Surface 2 is black, 
has a temperature of 600 K, and an area of 0.3 nr. If the view factor F 12 is 0.3, the rate of radiation heat 
transfer between the two surfaces is 

(a) 87 W (b) 135 W (c) 244 W (d) 342 W (e) 386 W 


Answer (c) 244 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

A1=0.2 [m A 2] 

T1=400 [K] 
e1=0.4 
A2=0.3 [m A 2] 

T2=600 [K] 

F12=0.3 

R1=(1-e1)/(A1*e1) 

R2=1/(A1*F12) 

Q=sigma#*(T2 A 4-T 1 A 4)/(R1 +R2) 
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2 

13-131 A solar flux of 1400 W/m directly strikes a space vehicle surface which has a solar absortivity of 
0.4 and thermal emissivity of 0.6. The equilibrium temperature of this surface in space at 0 K is 

(a) 300 K (b) 360 K (c)410K (d) 467 K (e)510K 


Answer (b) 360 K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


a=0.4 

e=0.6 

Q=1400 [W/m A 2] 
a*Q=e*sigma#*T A 4 


13-132 13-134 Design and Essay Problems 
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Chapter 14 
MASS TRANSFER 

Mass Transfer and Analogy between Heat and Mass Transfer 

14-1 C Bulk fluid flow refers to the transportation of a fluid on a macroscopic level from one location to 
another in a flow section by a mover such as a fan or a pump. Mass flow requires the presence of two 
regions at different chemical compositions, and it refers to the movement of a chemical species from a high 
concentration region towards a lower concentration one relative to the other chemical species present in the 
medium. Mass transfer cannot occur in a homogeneous medium. 

14-2C The concentration of a commodity is defined as the amount of that commodity per unit volume. The 
concentration gradient dC/dx is defined as the change in the concentration C of a commodity per unit 
length in the direction of flow x. The diffusion rate of the commodity is expressed as 

Q = ~k m A^f 

dx 

where A is the area normal to the direction of flow and k dl ff is the diffusion coefficient of the medium, 
which is a measure of how fast a commodity diffuses in the medium. 

14-3C Examples of different kinds of diffusion processes: 

(a) Liquid-to-gas : A gallon of gasoline left in an open area will eventually evaporate and diffuse into air. 

(b) Solid-to-liquid : A spoon of sugar in a cup of tea will eventually dissolve and move up. 

(c) Solid-to gas: A moth ball left in a closet will sublimate and diffuse into the air. 

(d) Gas-to-liquid: Air dissolves in water. 

14-4C Although heat and mass can be converted to each other, there is no such a thing as “mass radiation”, 
and mass transfer cannot be studied using the laws of radiation transfer. Mass transfer is analogous to 
conduction, but it is not analogous to radiation. 

14-5C (a) Temperature difference is the driving force for heat transfer, ( b ) voltage difference is the driving 
force for electric current flow, and (c) concentration difference is the driving force for mass transfer. 

14-6C ( a ) Homogenous reactions in mass transfer represent the generation of a species within the medium. 
Such reactions are analogous to internal heat generation in heat transfer. ( b ) Heterogeneous reactions in 
mass transfer represent the generation of a species at the surface as a result of chemical reactions occurring 
at the surface. Such reactions are analogous to specified surface heat flux in heat transfer. 
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Mass Diffusion 


14-7C In the relation Q - -kA(dT / dx ) , the quantities Q ,k, A, and T represent the following in heat 
conduction and mass diffusion: 

Q = Rate of heat transfer in heat conduction, and rate of mass transfer in mass diffusion. 

k = Thermal conductivity in heat conduction, and mass diffusivity in mass diffusion. 

A = Area normal to the direction of flow in both heat and mass transfer. 

T = Temperature in heat conduction, and concentration in mass diffusion. 


14-8C 

(a) T 

(b) F 

(OF 

(d)T 

(OF 

14-9C 

(a) T 

(b) F 

(OF 

(d) T 

(OT 


dw 


14-10C In the Fick’s law of diffusion relations expressed as m diff A = - pAD AB — A - and 


dx 


dy a 

A^diff a “ -CAD AB — : — , the diffusion coefficients D A b are the same. 


dx 


14-1 1C The mass diffusivity of a gas mixture (a) increases with increasing temperature and (a) decreases 
with increasing pressure. 


14-12C In a binary ideal gas mixture of species A and B, the diffusion coefficient of A in B is equal to the 
diffusion coefficient of B in A. Therefore, the mass diffusivity of air in water vapor will be equal to the 
mass diffusivity of water vapor in air since the air and water vapor mixture can be treated as ideal gases. 


14-13C Solids, in general, have different diffusivities in each other. At a given temperature and pressure, 
the mass diffusivity of copper in aluminum will not be the equal to the mass diffusivity of aluminum in 
copper. 


14-14C We would carry out the hardening process of steel by carbon at high temperature since mass 
diffusivity increases with temperature, and thus the hardening process will be completed in a short time. 


14-15C The molecular weights of C0 2 and N 2 0 gases are the same (both are 44). Therefore, the mass and 
mole fractions of each of these two gases in a gas mixture will be the same. 
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14-16 The maximum mass fraction of calcium bicarbonate in water at 350 K is to be determined. 

Assumptions The small amounts of gases in air are ignored, and dry air is assumed to consist of N 2 and 0 2 
only. 

Properties The solubility of [Ca(HC0 3 ) 2 ] in 100 kg of water at 350 K is 17.88 kg (Table 14-5). 

Analysis The maximum mass fraction is determined from 

_ m (CaHC03)2 _ m (CaHC03)2 _ 17.88kg _ a 1 

vy (CaHC03)2 “ “ “ „ „ OQ 77^T~ ~ 

'"total '»(CaHC03)2 + m w (17.88 + 100)% 


14-17 The molar fractions of the constituents of moist air are given. The mass fractions of the constituents 
are to be determined. 

Assumptions The small amounts of gases in air are ignored, and dry air is assumed to consist of N 2 and 0 2 
only. 

Properties The molar masses of N 2 , 0 2 , and H 2 0 are 28.0, 32.0, and 18.0 kg/kmol, respectively (Table A-l) 
Analysis The molar mass of moist air is determined to be 

M = Y y i M i = 0.78 X 28.0 + 0.20 x 32.0 + 0.02 x 18 = 28.6 kg/kmol 

Then the mass fractions of constituent gases are 
determined from Eq. 14-10 to be 

M n 28 0 

N 2 : w N =y N — = (0.78) — — = 0.764 

2 n 2 /n 2 m y 2 8.6 


Mn 32 0 

0 2 : w 0 = y 0 — — = (0.20) — ^ = 0.224 

2 2 M 28.6 

M ho i g 0 

H 2 0: Wuo^ho — = (0.02) — — = 0.012 

2 h 2 o /h 2 o m ^ 286 

Therefore, the mass fractions of N 2 , 0 2 , and H 2 0 in dry air are 76.4%, 22.4%, and 1.2%, respectively. 


Moist air 
78% N 2 
20 % 0 2 
2% H 2 O 
(Mole fractions) 
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14-4 


14-18E The masses of the constituents of a gas mixture are given. The mass fractions, mole fractions, and 
the molar mass of the mixture are to be determined. 


Assumptions None. 

Properties The molar masses of N 2 , 0 2 , and C0 2 are 28, 32, and 44 lbm/lbmol, respectively (Table A- IE) 
Analysis ( a ) The total mass of the gas mixture is determined to be 

m — ^ m j = m 0 2 + tn N + m co , = 2 + 8 + 10 = 25 lbm 


Then the mass fractions of constituent gases are determined to be 


N 2 : 
0 2 : 
C0 2 : 


w n 2 = 


w 0 2 = 


W C0 2 “ 


m N 2 

8 

m 

” 25 

m o 2 

7 

m 

" 25 

m co 2 

_ 10 

m 

’“25 


= 0.32 


= 0.28 


7 lbm 0 2 

8 lbm N 2 
10 lbm C0 2 


(, b ) To find the mole fractions, we need to determine the mole numbers of each component first, 


m 


N 2 : 


O, : 


= 


N 0 = 


N- 


8 lbm 


CO 2 : N co - 


^n 2 

28 lbm/lbmol 

_ m o 2 

7 lbm 

~ M 0i 

32 lbm/lbmol 

m co 2 

10 lbm 


M 


CO 


44 lbm/lbmol 


= 0.286 lbmol 


= 0.219 lbmol 


= 0.227 lbmol 


Thus, 


N m =Yj N i = n k 2 +N 0 ^ +N c o, =0.286 + 0.219 + 0.227 = 0.732 lbmol 
Then the mole fraction of gases are determined to be 


N. 


O 


CO 


^n 2 = 


:vo 2 = 


^Vn 2 _ 

0.286 

N m 

0.732 

1 

(N 

O 

0.219 

N m “ 

0.732 

1 

n 

o 

L _o^ 

“ N m 

0.1 


= 0.391 


= 0.299 


= 0.310 


(c) The molar mass of the mixture is determined from 


M = 


m 


m 


25 lbm 


N 


m 


0.732 lbmol 


= 34.2 lbm/lbmol 
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14-5 


14-19 The mole fractions of the constituents of a gas mixture are given. The mass of each gas and apparent 
gas constant of the mixture are to be determined. 

Assumptions None. 

Properties The molar masses of H 2 and N 2 are 2.0 and 28.0 kg/kmol, respectively (Table A-l) 

Analysis The mass of each gas is 

H 2 : = /V H ^M Ho = (8 kmol)x (2 kg/kmol) = 16kg 

N 2 : = 2 kmol)x (28 kg/kmol) = 56kg 

The molar mass of the mixture and its apparent gas constant are determined to be 

, , m m 16 + 56 kg „ 

M = — - = = 7.2 kg/kmol 

N m 8 + 2 kmol 



R u 8.314kJ/kmol-K 

R = — — = 

M 7.2 kg/kmol 


1.15kJ/kg K 


14-20 The mole numbers of the constituents of a gas mixture at a specified pressure and temperature are 
given. The mass fractions and the partial pressures of the constituents are to be determined. 

Assumptions The gases behave as ideal gases. 

Properties The molar masses of N 2 , 0 2 and C0 2 are 28, 32, and 44 kg/kmol, respectively (Table A-l) 
Analysis When the mole fractions of a gas mixture are known, the mass fractions can be determined from 

111; N :M : M : 

w = = = y t 

m N M M 

,n m 1 v m lvI m 1VJ m 

The apparent molar mass of the mixture is 

M = V y t M , = 0.65 x 28.0 + 0.20 x 32.0 + 0. 15 x 44.0 = 3 1 .2 kg/kmol 

Then the mass fractions of the gases are determined from 

Ml n 28 0 

N 2 : w N =y N — = (0.65) — — = 0.583 (or 58.3%) 

2 2 M 31.2 

M o 3? 0 

0 2 : Wq 2 = y 02 -^=(0.20)— = 0.205 (or 20.5%) 

M (--q AA 

C0 2 : w C o 2 = y cc , 2 = (0.15)—— = 0.212 (or 21.2%) 

M m Jl.Z 

Noting that the total pressure of the mixture is 250 kPa and the pressure fractions in an ideal gas mixture 
are equal to the mole fractions, the partial pressures of the individual gases become 

P N = y N ^ p = (0.65)(250kPa) = 162.5kPa 
= y Qi P = (0.20)(250kPa) = 50kPa 
p co, = yco, p = (0.15)(250kPa) = 37.5kPa 
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14-6 


14-21 The binary diffusion coefficients of C0 2 in air at various temperatures and pressures are to be 
determined. 

Assumptions The mixture is sufficiently dilute so that the diffusion coefficient is independent of mixture 
composition. 

Properties The binary diffusion coefficients of C0 2 in air at 1 atm pressure are given in Table 14-1 to be 
0.74x1 O' 5 , 2.63x1 O’ 5 , and 5. 37x1 O' 5 m 2 /s at temperatures of 200 K, 400 K, and 600 K, respectively. 

Analysis Noting that the binary diffusion coefficients of gases are inversely proportional to pressure, the 
diffusion coefficients at given pressures are determined from 

D ab (7\ P) = D ab (7\ 1 atm) / P 
where P is in atm. 

(a) At 200 K and 1 atm: D AB (200 K, 1 atm) = 0.74xl0' 3 m 2 /s (since P = 1 atm). 

( b ) At 400 K and 0.5 atm: £> AB (400 K, 0.5 atm)=D AB (400 K, 1 atm)/0.5=(2.63xl0' 5 )/0.5 = 5.26xl0' 3 m 2 /s 

( c ) At 600 K and 5 atm: D AB (600 K, 5 atm)=£> AB (600 K, 1 atm)/5=(5.37xl0' 5 )/5 = 1.07x10 5 m 2 /s 


14-22 The binary diffusion coefficient of 0 2 in N 2 at various temperature and pressures are to be 
determined. 

Assumptions The mixture is sufficiently dilute so that the diffusion coefficient is independent of mixture 
composition. 

Properties The binary diffusion coefficient of 0 2 in N 2 at T\ = 273 K and P\ = l atm is given in Table 14-2 
to be 1.8x1 0’ 5 m 2 /s. 

Analysis Noting that the binary diffusion coefficient of gases is proportional to 3/2 power of temperature 
and inversely proportional to pressure, the diffusion coefficients at other pressures and temperatures can be 
determined from 


D 

D 


AB,1 

AB,2 


Pn 


P 


P 




3/2 


K T 2J 


^AB,2 - ^AB.l 


P , 




Tr 


\ 3/2 


vTi y 


(a) At 200 K and 1 atm: D AB 2 

( b ) At 400 K and 0.5 atm: D AB 2 

(c ) At 600 K and 5 atm: D AB 2 


/i o i rv -5 2 / \ 1 atm 

(1.8x10 m /s) 


1 atm 


200 K 
v 273 K j 


x 3/2 


= 1.13x10 5 m 2 /s 


/i o i rv— 5 2 / \ 1 atm 

(1.8x10 m /s) 


400 K 


\ 3/2 


(1.8xl0^ 5 m 2 /s) 


0.5 atm 
1 atm ( 600 K 


5 atm 


v 273K y 

\ 3/2 


= 6.38x10 5 m 2 /s 


v 273 K j 


= 1.17x10 5 m 2 /s 
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14-7 


14-23E The error involved in assuming the density of air to remain constant during a humidification 
process is to be determined. 

Properties The density of moist air before and after the humidification process is determined from the 
psychrometric chart to be 


Y 30° F T 80° F 

1 ~~ t Pair i = 0.0727 lbm/ft 3 and 1 " l p air 2 = 0.071 17 lbm/ft 3 

(j) x = 30% J Har ' 1 (j) x = 90% J Hair ’ 2 


Analysis The error involved as a result of assuming 
constant air density is then determined to be 


%Error = x 1 00 = 

Pair,\ 


0.0727- 0.07 12 lbm/ft' 
0.0727 lbm/ft 3 


x 100 =2.1% 


which is acceptable for most engineering purposes. 



14-24 The diffusion coefficient of hydrogen in steel is given as a function of temperature. The diffusion 
coefficients at various temperatures are to be determined. 

Analysis The diffusion coefficient of hydrogen in steel between 200 K and 1200 K is given as 
D ab =1.65xl()- 6 exp(-4630/r) m 2 /s 

Using this relation, the diffusion coefficients at various temperatures are determined to be 
200 K: D ab = 1.65xl0 -6 exp(-4630/ 200) = 1.46xl0 -16 m 2 /s 

500 K: D ab =1.65x 10 -6 exp(-4630 / 500) =1.57xlO -10 m 2 /s 
1000 K: D ab = 1.65X10 -6 exp(-4630/ 1000) = 1.61xl0 -8 m 2 /s 
1500 K: D ab =1.65xl0^exp(-4630/1500) = 7.53xl0 -8 m 2 /s 
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14-8 


14-25 EES Prob. 14-24 is reconsidered. The diffusion coefficient as a function of the temperature is to be 
plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

"The diffusion coeffcient of hydrogen in steel as a function of temperature is given" 

"ANALYSIS" 

D_AB=1 .65E-6*exp(-4630/T) 


T [K] 

D ab [ni 2 /s] 

200 

1.457E-16 

250 

1.494E-14 

300 

3.272E-13 

350 

2.967E-12 

400 

1 .55 IE- 1 1 

450 

5.61 IE- 1 1 

500 

1.570E-10 

550 

3.643E-10 

600 

7.348E-10 

650 

1.330E-09 

700 

2.213E-09 

750 

3.439E-09 

800 

5.058E-09 

850 

7.1 10E-09 

900 

9.622E-09 

950 

1.261E-08 

1000 

1.610E-08 

1050 

2.007E-08 

1100 

2.452E-08 

1150 

2.944E-08 

1200 

3.482E-08 



200 400 600 800 1000 1200 
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14-9 


Boundary Conditions 


14-26C Three boundary conditions for mass transfer (on mass basis) that correspond to specified 
temperature, specified heat flux, and convection boundary conditions in heat transfer are expressed as 
follows: 


1) w(0) = w 0 


(specified concentration - corresponds to specified temperature) 


2 ) 


PD AB 


dw A 

dx 


*=o 



(specified mass flux - corresponds to specified heat flux) 


3) 


j A, s = - D 


dv 


A 


AB 


dx 


^mass A t i 


x=0 


w Acc ) (mass convection - corresponds to heat convection) 


14-27C An impermeable surface is a surface that does not allow any mass to pass through. Mathematically 
it is expressed (at a = 0) as 


dw A 

dx 


*=o 


= 0 


An impermeable surface in mass transfer corresponds to an insulated surface in heat transfer. 


14-28C Temperature is necessarily a continuous function, but concentration, in general, is not. Therefore, 
the mole fraction of water vapor in air will, in general, be different from the mole fraction of water in the 
lake (which is nearly 1). 


14-29C When prescribing a boundary condition for mass transfer at a solid-gas interface, we need to 
specify the side of the surface (whether the solid or the gas side). This is because concentration, in general, 
is not a continuous function, and there may be large differences in concentrations on the gas and solid sides 
of the boundary. We did not do this in heat transfer because temperature is a continuous function. 


14-30C The mole fraction of the water vapor at the surface of a lake when the temperature of the lake 
surface and the atmospheric pressure are specified can be determined from 

P P 

vapor sat@T 

y vapor “ p ” ~ L 

r •'atm 

where P w ap or is equal to the saturation pressure of water at the lake surface temperature. 


14-31C Using solubility data of a solid in a specified liquid, the mass fraction w of the solid A in the liquid 
at the interface at a specified temperature can be determined from 

^ solid 

= 

m solid + m liquid 

where m solid is the maximum amount of solid dissolved in the liquid of mass raij quid at the specified 
temperature. 
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14-10 


14-32C The molar concentration C\ of the gas species i in the solid at the interface Q so iid side (0) is 
proportional to the partial pressure of the species i in the gas P x gas s ide(0) on the gas side of the interface, 
and is determined from 

^i, solid side (^) — ^ X ^i, gas side (^) (kmol/m ) 

where S is the solubility of the gas in that solid at the specified temperature. 


14-33C Using Henry’s constant data for a gas dissolved in a liquid, the mole fraction of the gas dissolved in 
the liquid at the interface at a specified temperature can be determined from Henry’s law expressed as 


•fi, liquid side 


R 


i, gas side 


( 0 ) 


H 


where H is Henry's constant and P\ gas side(0) is the partial pressure of the gas i at the gas side of the 
interface. This relation is applicable for dilute solutions (gases that are weakly soluble in liquids). 


14-34C The permeability is a measure of the ability of a gas to penetrate a solid. The permeability of a gas 
in a solid, P, is related to the solubility of the gas by P = S D AB where D A B is the diffusivity of the gas in the 
solid. 


14-35 The mole fraction of CO 2 dissolved in water at the surface of water at 300 K is to be determined. 

Assumptions 1 Both the CO 2 and water vapor are ideal gases. 2 Air at the lake surface is saturated. 

Properties The saturation pressure of water at 300 K = 27°C is 3.60 kPa (Table A-9). The Henry’s constant 
for C0 2 in water at 300 K is 1710 bar (Table 14-6). 

Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the 
air at the lake surface will simply be the saturation pressure of water at 27°C, 

^vapor = ^sat@ 27 °C =3.60kPa 

Assuming both the air and vapor to be ideal gases, the partial pressure and mole fraction of dry air in the air 
at the surface of the lake are determined to be 

P dry air = P ~ ^vapor = 100 - 3.60 = 96.4 kPa 


The partial pressure of C02 is 


y co2 


P C02 = y 002^.7 air = (0.005)(96.4) = 0.482 kPa = 0.00482 bar 

= !™L= 0-00482 bar - 2.82x10 6 

H 1710 bar 
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14-36E The mole fraction of the water vapor at the surface of a lake and the mole fraction of water in the 
lake are to be determined and compared. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus 
Henry’s law is applicable. 


Properties The saturation pressure of water at 70°F is 0.3632 psia (Table A-9E). Henry’s constant for air 
dissolved in water at 70°F (294 K) is given in Table 14-6 to be H = 66,800 bar. 


Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the 
air at the lake surface will simply be the saturation pressure of water at 70°F, 


^vapor - ^sat@70°F - 0-3632 psia 


Assuming both the air and vapor to be ideal gases, the 
mole fraction of water vapor in the air at the surface of 
the lake is determined from Eq. 14-11 to be 


y 


vapor 


vapor 

P 


0.3632 psia 
13.8 psia 


= 0.0263 (or 2.63 percent) 


The partial pressure of dry air just above the lake surface is 
^dryair =^“^va P or = 13.8 - 0.3632 = 13.44psia 
Then the mole fraction of air in the water becomes 


Saturated air 
13.8 psia 



yH20, air side 




yH20, liquid side — 1*0 


Lake, 70°F 


P 


y dry air, liquid side 


dry air,gasside 

H 


13.44 psia(l atm/ 14.696 psia) 
66,800 bar(l atm/1. 01325 bar) 


1.39xlCT 5 


which is very small, as expected. Therefore, the mole fraction of water in the lake near the surface is 
y water, liquid side — ^ — -V dry air, liquid side —1 — 1-39x10 —0.99999 

Discussion The concentration of air in water just below the air-water interface is 1.39 moles per 100,000 
moles. The amount of air dissolved in water will decrease with increasing depth. 


14-37 The mole fraction of the water vapor at the surface of a lake at a specified temperature is to be 
determined. 


Assumptions 1 Both the air and water vapor are ideal gases. 2 Air at the lake surface is saturated. 


Properties The saturation pressure of water at 15°C is 1.705 kPa (Table A-9). 


Analysis The air at the water surface will be saturated. 
Therefore, the partial pressure of water vapor in the air 
at the lake surface will simply be the saturation pressure 
of water at 15°C, 


Saturated air 
13.8 psia 


-^vapor ^sat@15°C 1.705 1 kPa 

Assuming both the air and vapor to be ideal gases, the 
partial pressure and mole fraction of dry air in the air at 
the surface of the lake are determined to be 


P At y air =P~ ^vapor =100-1 .705 1 = 98.295 kPa 


^dryair 98.295kPa no'* / r\o 
y dry air = 77 = = 0.983 (or98.3%) 


P 


100kPa 



yH20, air side 




yH20, liquid side — 1*0 


Lake, 60°F 


Therefore, the mole fraction of dry air is 98.3 percent just above the air-water interface. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




14-12 


14-38 EES Prob. 14-37 is reconsidered. The mole fraction of dry air at the surface of the lake as a function 
of the lake temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T=1 5 [C] 

P_atm=100 [kPa] 

"PROPERTIES" 
Fluid$='steam_IAPWS' 
P_sat=Pressure(Fluid$, T=T, x=1) 

"ANALYSIS" 

P_vapor=P_sat 

P_dryair=P_atm-P_vapor 

y_dryair=P_dryair/P_atm 


T [C] 

ydry air 

5 

0.9913 

6 

0.9906 

7 

0.99 

8 

0.9893 

9 

0.9885 

10 

0.9877 

11 

0.9869 

12 

0.986 

13 

0.985 

14 

0.984 

15 

0.9829 

16 

0.9818 

17 

0.9806 

18 

0.9794 

19 

0.978 

20 

0.9766 

21 

0.9751 

22 

0.9736 

23 

0.9719 

24 

0.9701 

25 

0.9683 



T [C] 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 
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14-39 A rubber plate is exposed to nitrogen. The molar and mass density of nitrogen in the rubber at the 
interface is to be determined. 

Assumptions Rubber and nitrogen are in thermodynamic equilibrium at the interface. 

Properties The molar mass of nitrogen is M = 28.0 kg/kmol (Table A-l). The 

solubility of nitrogen in rubber at 298 K is 0.00156 kmol/m 3 bar (Table 14-7). Rubber 

Analysis Noting that 250 kPa = 2.5 bar, the molar density of nitrogen 
in the rubber at the interface is determined from Eq. 14-20 to be 

^N 2 , solid side (0) — S X Pj sj 2 , g as side 

= (0.00156 kmol/m 3 .bar)(2.5 bar) 

= 0.0039 kmol/m 3 

It corresponds to a mass density of 

Pn 2 , solid side (^) — ^*N 2 , solid side (0 )A/n ? 

= (0.0039 kmol/m 3 )(28 kmol/kg) 

= 0.1092 kg/m 3 

• • *3 • 

That is, there will be 0.0039 kmol (or 0.1092 kg) of N 2 gas in each m volume of rubber adjacent to the 
interface. 


plate 



14-40 A rubber wall separates 0 2 and N 2 gases. The molar concentrations of 0 2 and N 2 in the wall are to be 
determined. 

Assumptions The 0 2 and N 2 gases are in phase equilibrium with the rubber wall. 

Properties The molar mass of oxygen and nitrogen are 32.0 and 28.0 kg/kmol, respectively (Table A-l). 
The solubility of oxygen and nitrogen in rubber at 298 K are 0.00312 and 0.00156kmol/m bar, respectively 
(Table 14-7). 

Analysis Noting that 750 kPa = 7.5 bar, the molar densities of oxygen Rubber 

and nitrogen in the rubber wall are determined from Eq. 14-20 to be 

Q) 2 , solid side — ^ X ^0 2 , gas side 

= (0.00312 kmol/m 3 . bar)(7.5 bar) 

= 0.0234 kmol/m 3 

0 2 

^ N 2 , solid side — ^ X 2 , gas side 25°C 

= (0.00156 kmol/m 3 . bar)(7.5 bar) 750 kPa 

= 0.0117 kmol/m 3 

That is, there will be 0.0234 kmol of 0 2 and 0.01 17 kmol of N 2 
gas in each m volume of the rubber wall. 


plate 



N 2 
25°C 
750 kPa 
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14-41 A glass of water is left in a room. The mole fraction of the water vapor in the air and the mole 
fraction of air in the water are to be determined when the water and the air are in thermal and phase 
equilibrium. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since the humidity is 100 
percent. 3 Air is weakly soluble in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 20°C is 2.339 kPa (Table A-9). Henry’s constant for air 
dissolved in water at 20°C (293 K) is given in Table 14-6 to be H = 65,600 bar. Molar masses of dry air and 
water are 29 and 18 kg/kmol, respectively (Table A-l). 

Analysis (a) Noting that air is saturated, the partial pressure of water vapor in the air will simply be the 
saturation pressure of water at 20°C, 


^vapor P 'sat @ 20 e C 


2.339kPa 


Assuming both the air and vapor to be ideal gases, the mole 
fraction of water vapor in the air is determined to be 


y 


vapor 


vapor 

P 


2.339kPa 

97kPa 


= 0.0241 


( b ) Noting that the total pressure is 97 kPa, the partial pressure of dry air is 


P dn , air =P- P vapor = 97 - 2.339 = 94.7 kPa = 0.947 bar 
From Henry’s law, the mole fraction of air in the water is determined to be 


P 


y dry air, liquid side 


dry air, gas side 


0.947 bar 5 

= 1.44x10 5 


H 65,600bar 
Discussion The amount of air dissolved in water is very small, as expected. 


Air 
20°C 
97 kPa 
RH=100% 


Evaporation 



Water 

20°C 
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14-42E Water is sprayed into air, and the falling water droplets are collected in a container. The mass and 
mole fractions of air dissolved in the water are to be determined. 


Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since water is constantly 
sprayed into it. 3 Air is weakly soluble in water and thus Henry’s law is applicable. 


Properties The saturation pressure of water at 80°F is 0.5073 psia (Table A-9E). Henry’s constant for air 
dissolved in water at 80°F (300 K) is given in Table 14-6 to be H = 74,000 bar. Molar masses of dry air and 
water are 29 and 18 lbm / lbmol, respectively (Table A- IE). 


Analysis Noting that air is saturated, the partial pressure 
of water vapor in the air will simply be the saturation 
pressure of water at 80°F, 

^vapor = ^sat@80°F = 0.5073 psia 

Then the partial pressure of dry air becomes 

^dryair =- P -- P vapor = 14.3 -0.5073 = 13.79psia 

From Henry’s law, the mole fraction of air in the water 
is determined to be 


o 

o o 
o o 

o 


Water 
droplets 
in air 


Water 


P 


y dry air, liquid side 


dry air,gasside 

H 


13.79psia(latm/14.696psia) 29 x10 s 

74,000bar(latm/1.01325bar) ~ 


which is very small, as expected. The mass and mole fractions of a mixture are related to each other by 

m- N:M: M; 

w = = = y t 

,77 N M M 

,n m iy m lvl m 1V1 m 


where the apparent molar mass of the liquid water - air mixture is 

M m ~ ^ ^ y t — } liquid water ^ water 3 dry air ^ dry air 

= 1 x 29.0 + 0 x 1 8.0 = 29.0kg/kmol 


Then the mass fraction of dissolved air in liquid water becomes 

W dry air, liquidside = J dryair, liquidside (0) ~~T. = 1 ‘^9 X 1 0 — — = 1.29 xlO 

M m ^ 

Discussion The mass and mole fractions of dissolved air in this case are identical because of the very small 
amount of air in water. 
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14-43 A carbonated drink in a bottle is considered. Assuming the gas space above the liquid consists of a 
saturated mixture of C0 2 and water vapor and treating the drink as a water, determine the mole fraction of 
the water vapor in the C0 2 gas and the mass of dissolved C0 2 in a 200 ml drink are to be determined when 
the water and the C0 2 gas are in thermal and phase equilibrium. 

Assumptions 1 The liquid drink can be treated as water. 2 Both the C0 2 and the water vapor are ideal 
gases. 3 The C0 2 gas and water vapor in the bottle from a saturated mixture. 4 The C0 2 is weakly soluble 
in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 37°C is 6.33 kPa (Table A-9). Henry’s constant for C0 2 
issolved in water at 37°C (310 K) is given in Table 14-6 to be H = 2170 bar. Molar masses of C0 2 and 
water are 44 and 18 kg/kmol, respectively (Table A-l). 

Analysis ( a ) Noting that the C0 2 gas in the bottle is saturated, the partial pressure of water vapor in the air 
will simply be the saturation pressure of water at 37°C, 

^vapor ~^sat@31°C = 6.33kPa 


Assuming both C0 2 and vapor to be ideal gases, the mole fraction of water vapor in the C0 2 gas becomes 

^vapor 6.33kPa 


y va 


= 0.0487 


vapor P 130kPa 
(b) Noting that the total pressure is 130 kPa, the partial pressure of C0 2 is 
^co 2g as =P-P V apor = 130 - 6.33 = 123 .7kPa = 1 ,237bar 

From Henry’s law, the mole fraction of C0 2 in the drink is determined to be 


P, 


y CO-,, liquid side 


C0 2 ,gas side 


12 ^ = 5.70x10- 


H 2170 bar 

Then the mole fraction of water in the drink becomes 


y water, liquid side - 1 ^CO^ liquid side - ^ 5.70 X 10 4 - 0.9994 
The mass and mole fractions of a mixture are related to each other by 


m , 


XV: = 


N i M i 


M ; 


= yi 


m m N m M m ' ' M m 



where the apparent molar mass of the drink (liquid water - C0 2 mixture) is 
M m =Y j y i M i = v liquidwater M water + v C o 2 M c02 = 0.9994 x 18.0 + (5.70x10— )x 44 = 18. 00 kg/kmol 

Then the mass fraction of dissolved C0 2 gas in liquid water becomes 

M ™ -44 


^C0 2 , liquidside ^ CO-, , liquidside (^) 


C0 2 c nr\ . .1 rv — 4 


M 


= 5.70x10 


m 


18.00 


= 0.00139 


Therefore, the mass of dissolved C0 2 in a 200 ml « 200 g drink is 
m c o 2 =w COi m m = 0.00139(200 g) = 0.278 g 
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Steady Mass Diffusion through a Wall 


14-44C The relations for steady one-dimensional heat conduction and mass diffusion through a plane wall 
are expressed as follows: 


Heat conduction : 


Q 


cond 


= -kA 


r, -t~ 


L 


Mass diffusion'. 


m 


diff,A,wall ~ pD AB^ 


W 


A,1 


W 


A, 2 


L 




P A,1 P h,2 

L 


where A is the normal area and L is the thickness of the wall, and the other variables correspond to each 
other as follows: 

rate of heat conduction <2 cond < — > m dlff A wall rate of mass diffusion 


thermal conductivity k < — » D A B mass diffusivity 

temperature T < — > p A density of A 


14-45C (a) T, (b) F, (c) T, (d) F 


14-46C During one-dimensional mass diffusion of species A through a plane wall of thickness L, the 
concentration profile of species A in the wall will be a straight line when ( 1 ) steady operating conditions are 
established, (2) the concentrations of the species A at both sides are maintained constant, and (3) the 
diffusion coefficient is constant. 


14-47C During one-dimensional mass diffusion of species A through a plane wall, the species A content of 
the wall will remain constant during steady mass diffusion, but will change during transient mass diffusion. 
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14-48 Pressurized helium gas is stored in a spherical container. The diffusion rate of helium through the 
container is to be determined. 


Assumptions 1 Mass diffusion is steady and one -dimensional since the helium concentration in the tank 
and thus at the inner surface of the container is practically constant, and the helium concentration in the 
atmosphere and thus at the outer surface is practically zero. Also, there is symmetry about the center of the 
container. 2 There are no chemical reactions in the pyrex shell that results in the generation or depletion of 
helium. 


Properties The binary diffusion coefficient of helium in the pyrex at the specified temperature is 4.5xl0’ 15 
m 2 /s (Table 14-3b). The molar mass of helium is M = 4 kg/kmol (Table A-l). 

Analysis We can consider the total molar concentration 
to be constant (C = C A + = constant), and the 

container to be a stationary medium since there is no 
diffusion of pyrex molecules ( N B = 0 ) and the 

concentration of the helium in the container is extremely 
low (Ca « 1)- Then the molar flow rate of helium 
through the shell by diffusion can readily be determined 
from Eq. 14-28 to be 


Wdiff =^\ r 2 D AB 


C A,\ C\,2 


r -> - r, 



= 4^(1 .45 m)(1.50m)(4.5xlCr 15 m 2 /s)— 00073 0)kmol/m 


1.50-1.45 


= 1.80xl0“ 15 kmol/s 


The mass flow rate is determined by multiplying the molar flow rate by the molar mass of helium, 

m d iff = MN difS = (4 kg/kmol)(1.80 x 1CT 15 kmol/s) = 7.2 x 10~ 15 kg/s 

Therefore, helium will leak out of the container through the shell by diffusion at a rate of 7.2x10’ 15 kg/s or 
0.00023 g/year. 

Discussion Note that the concentration of helium in the pyrex at the inner surface depends on the 
temperature and pressure of the helium in the tank, and can be determined as explained in the previous 
example. Also, the assumption of zero helium concentration in pyrex at the outer surface is reasonable 
since there is only a trace amount of helium in the atmosphere (0.5 parts per million by mole numbers). 
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14-49 A thin plastic membrane separates hydrogen from air. The diffusion rate of hydrogen by diffusion 
through the membrane under steady conditions is to be determined. 

Assumptions 1 Mass diffusion is steady and one -dimensional since the hydrogen concentrations on both 
sides of the membrane are maintained constant. Also, there is symmetry about the center plane of the 
membrane. 2 There are no chemical reactions in the membrane that results in the generation or depletion of 
hydrogen. 

Properties The binary diffusion coefficient of hydrogen in the plastic membrane at the operation 
temperature is given to be 5.3x10’ m /s. The molar mass of hydrogen is M = 2 kg/kmol (Table A-l). 

Analysis ( a ) We can consider the total molar concentration to be constant (C = C A + C# = C B = constant), 
and the plastic membrane to be a stationary medium since there is no diffusion of plastic molecules 

( N b =0) and the concentration of the hydrogen in the membrane is extremely low (C A « 1)- Then the 
molar flow rate of hydrogen through the membrane by diffusion per unit area is determined from 


7 _ N diff _ M C A , l Ca , 2 

J diff “ “ U 


A 


AB 


L 


- (5.3x10-'" m "/s) (0 - M5 - ft 002)km ° 1/m 


2x10 3 m 


= 1.14xl0" 8 kmol/m 2 .s 


The mass flow rate is determined by multiplying the 
molar flow rate by the molar mass of hydrogen, 

/T^diff =M y dlff = (2kg/kmol)(1.14xl0 _8 kmol/m 2 .s) 

= 2.28xl0 -8 kg/m 2 .s 



Plastic 

membrane 



Air 


m di ff 


L 


(b) Repeating the calculations for a 0.5-mm thick membrane gives 


7 _ ^diff _ n C A,\ C A , 2 

J diff “ ~ u 


A 


AB 


L 


in -io 2 / \ (0-045 — 0.002) kmo 1/m 
= (5.3x10 m /s) — 


0.5xl0" 3 m 


= 4.56xl0 -8 kmol/m 2 .s 


and 

m d if f = M / dlff = (2kg/kmol)(4.56xl0 _8 kmol/m 2 .s) = 9.12xl0 -8 kg/m 2 .s 

The mass flow rate through the entire membrane can be determined by multiplying the mass flux value 
above by the membrane area. 
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14-50 Natural gas with 8% hydrogen content is transported in an above ground pipeline. The highest rate of 
hydrogen loss through the pipe at steady conditions is to be determined. 

Assumptions 1 Mass diffusion is steady and one -dimensional since the hydrogen concentrations inside the 
pipe is constant, and in the atmosphere it is negligible. Also, there is symmetry about the centerline of the 
pipe. 2 There are no chemical reactions in the pipe that results in the generation or depletion of hydrogen. 3 
Both H 2 and CH 4 are ideal gases. 

Properties The binary diffusion coefficient of hydrogen in the steel pipe at the operation temperature is 
given to be 2.9x10' m7s. The molar masses of H 2 and CH 4 are 2 and 16 kg/kmol, respectively (Table A- 
1). The solubility of hydrogen gas in steel is given as w H = 2.09 x 10 -4 exp(-3950 /T)P^ . The density of 

steel pipe is 7854 kg/m 3 (Table A-3). 


Analysis We can consider the total molar concentration to be constant (C = C A + C B = C B = constant), and 
the steel pipe to be a stationary medium since there is no diffusion of steel molecules ( N B = 0 ) and the 

concentration of the hydrogen in the steel pipe is extremely low (C A « 1). The molar mass of the H 2 and 
CH 4 mixture in the pipe is 


M = ^ y \M t = (0.08)(2) + (0.92)(16) = 14.88kg/kmol 

Noting that the mole fraction of hydrogen is 0.08, the 
partial pressure of hydrogen is 

Pit 

y Ho = -±- -> P Ho = (0.08)(500kPa) = 40 kPa = 0.4bar 

Then the mass fraction of hydrogen becomes 

=2.09xl0~ 4 exp(-3950/r)P H y 5 

= 2.09xl0' 4 exp(-3950/ 2931(0.4) 05 
= 1.85xl0~ 10 


Steel pipe 
293 K 



The hydrogen concentration in the atmosphere is practically zero, and thus in the limiting case the 
hydrogen concentration at the outer surface of pipe can be taken to be zero. Then the highest rate of 
hydrogen loss through a 100 m long section of the pipe at steady conditions is determined to be 


n W A,1-^A,2 
m diff,A,cyl “ 2 nLpu AB —— - — 

ln(r 2 / r, ) 

, n 1.85xl0“ 10 -( 

= 2;r(100m)(7854kg/m 3 )(2.9xl(r 13 ) 

ln(l. 51/1.50) 

= 3.98x10 14 kg/s 
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14-51 EES Prob. 14-50 is reconsidered. The highest rate of hydrogen loss as a function of the mole fraction 
of hydrogen in natural gas is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

thickness=0.01 [m] 

D_i=3 [m] 

L=1 00 [m] 

P=500 [kPa] 
y_H2=0.08 
T=293 [K] 

D_AB=2.9E-13 [m A 2/s] 

"PROPERTIES" 

MM_H2=molarmass(H2) 

MM_CH4=molarmass(CH4) 

R_u=8.314 [kPa-m A 3/kmol-K] 
rho=7854 [kg/m A 3] 

"ANALYSIS" 

MM=y_H2*MM_H2+(1 -y_H2)*MM_CH4 
P_H2=y_H2*P*Convert(kPa, bar) 
w_H2=2.09E-4*exp(-3950/T)*P_H2 A 0.5 

m_dot_diff=2*pi*L*rho*D_AB*w_H2/ln(r_2/r_1 )*Convert(kg/s, g/s) 

r_1 = D i/2 

r 2=r 1+thickness 



yH2 


yH2 

m diff [g/s] 

0.05 

3.144E-11 

0.06 

3.444E-11 

0.07 

3.720E-11 

0.08 

3.977E-11 

0.09 

4.218E-11 

0.1 

4.446E-11 

0.11 

4.663E-11 

0.12 

4.871E-11 

0.13 

5.070E-11 

0.14 

5.261E-11 

0.15 

5.446E-11 
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14-52 Helium gas is stored in a spherical fused silica container. The diffusion rate of helium through the 
container and the pressure drop in the tank in one week as a result of helium loss are to be determined. 
Assumptions 1 Mass diffusion is steady and one -dimensional since the helium concentration in the tank 
and thus at the inner surface of the container is practically constant, and the helium concentration in the 
atmosphere and thus at the outer surface is practically zero. Also, there is symmetry about the midpoint of 
the container. 2 There are no chemical reactions in the fused silica that results in the generation or 
depletion of helium. 3 Helium is an ideal gas. 4 The helium concentration at the inner surface of the 
container is at the highest possible level (the solubility). 

Properties The solubility of helium in fused silica (Si0 2 ) at 293 K and 500 kPa is 0.00045 kmol /m 3 .bar 
(Table 14-7). The diffusivity of helium in fused silica at 293 K (actually, at 298 K) is 4xl0' 14 m 2 /s (Table 
14-3b). The molar mass of helium is M = 4 kg/kmol (Table A-l). 

Analysis ( a ) We can consider the total molar concentration to be constant (C = C A + Cq = Cb = constant), 
and the container to be a stationary medium since there is no diffusion of silica molecules ( N B = 0 ) and 

the concentration of the helium in the container is extremely low (C A « 1). The molar concentration of 
helium at the inner surface of the container is determined from the solubility data to be 

C A1 =Sx P He = (0.00045 kmol/m 3 .bar)(5bar) = 2.25xl(T 3 kmol/m 3 = 0.00225 kmol/m 3 


The helium concentration in the atmosphere and thus at the 
outer surface is taken to be zero since the tank is well 
ventilated. Then the molar flow rate of helium through the 
tank by diffusion becomes 


N d[f{ = 4 nr x r 2 D AB 


C A,\ C A, 2 


ro - r, 


A /I x /1 m \,a in-14 2/ x (0.00225 - 0)kmol/m 
= 4;r(lm)(1.01m)(4xl0 m /s) — 


(l.Ol-l)m 


= 1.14xlCT 13 kmol/s 


The mass flow rate is determined by multiplying 
the molar flow rate by the molar mass of helium, 



Air 


He 

diffusion 


m di ff =MiV diff = (4kg/kmo 1) (1.14x10 13 kmol/s) = 4.57x10 13 kg/s 

(b) Noting that the molar flow rate of helium is 1.14 x 10’ kmol / s, the amount of helium diffused through 
the shell in 1 week becomes 


7V d iff = A diff Af = (1.14x10 13 kmol/s) (7 x 24x3600 s/week) 
= 6.895x1 0 -8 kmol/week 


The volume of the spherical tank and the initial amount of helium gas in the tank are 

{/ = —7ir 3 = —7r( lm) 3 = 4.189m 3 
3 3 


Ar Pi/ (500kPa)4.189m 3 n ocrV7 ^ , , 

Af initial = = -t xt 1 r = 0.85977 kmol 

R U T (8.314kPam 3 /kmolKj(293K) 

Then the number of moles of helium remaining in the tank after one week becomes 


A final =W initial -A diff = 0.85977 - 6.895x10 = 0.85977kPa 


which is the practically the same as the initial value. Therefore, the amount of helium that leaves the tank 
by diffusion is negligible, and the final pressure in the tank is the same as the initial pressure of P 2 = P\ = 


500 kPa. 
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14-53 A balloon is filled with helium gas. The initial rates of diffusion of helium, oxygen, and nitrogen 
through the balloon and the mass fraction of helium that escapes during the first 5 h are to be determined. 

Assumptions 1 The pressure of helium inside the balloon remains nearly constant. 2 Mass diffusion is 
steady for the time period considered. 3 Mass diffusion is one- dimensional since the helium concentration 
in the balloon and thus at the inner surface is practically constant, and the helium concentration in the 
atmosphere and thus at the outer surface is practically zero. Also, there is symmetry about the midpoint of 
the balloon. 4 There are no chemical reactions in the balloon that results in the generation or depletion of 
helium. 5 Both the helium and the air are ideal gases. 7 The curvature effects of the balloon are negligible 
so that the balloon can be treated as a plane layer. 

i n 

Properties The permeability of rubber to helium, oxygen, and nitrogen at 25°C are given to be 9.4x10' , 
7.05x10' , and 2.6x10’ kmol/m.s.bars, respectively. The molar mass of helium is M = 4 kg/kmol and its 
gas constant is R = 2.0709 kPa.mVkg.K (Table A-l). 

Analysis We can consider the total molar concentration to be constant (C = C A + = C B = constant), and 

the balloon to be a stationary medium since there is no diffusion of rubber molecules ( N B = 0 ) and the 

concentration of the helium in the balloon is extremely low (C A « 1). The partial pressures of oxygen and 
nitrogen in the air are 

P N = p = (0.79)(100 kPa) = 79 kPa = 0.79 bar 
p Q = y 0 o P ~ (0.21)(100 kPa) = 21 kPa = 0.21 bar 

The partial pressure of helium in the air is negligible. 

Since the balloon is filled with pure helium gas at 1 10 
kPa, the initial partial pressure of helium in the balloon 
is 1 10 kPa, and the initial partial pressures of oxygen 
and nitrogen are zero. 

When permeability data is available, the molar flow 
rate of a gas through a solid wall of thickness L under steady 
one-dimensional conditions can be determined from Eq. 14-/ 

^diff,A,wall = PaB^ — (kmol/s) 



where P AB is the permeability and P Al and P A 2 are the partial pressures of gas A on the two sides of the 
wall (Note that the balloon can be treated as a plain layer since its thickness is very small compared to its 

2 2 2 

diameter). Noting that the surface area of the balloon is A = nD = ;r(0.15m) = 0.07069 m , the initial 
rates of diffusion of helium, oxygen, and nitrogen at 25°C are determined to be 


N diff.He _ PaB^ 


^He,l ^He,2 

L 


= (9.4x10 13 kmol/m.s.bar)(0.07069 m 2 ) — = 0.731x10 9 kmol/s 


O.lxlO'V 


P 0 1 -Pq 2 
N -P A __ 2,1 ° 2 ’ 2 

JV Jiff n — r ad/1 


diff,0 2 1 AB 


L 


= (7.05x10 13 kmol/m.s.bar)(0. 07069 m 2 )— — -0.105x10 9 kmol/s 


O.lxlO'V 


AT A PN 2- 1 Pn ?’ 2 

iV ,4iff M — I A D /I 


diff,N 2 “ 1 AB 


r 2~ r \ 


= (2.6x10 13 kmol/m.s.bar)(0.07069 m 2 )— — ^^^=-0.145x10 9 kmoI/s 

0.1xl0' 3 m 
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The initial mass flow rate of helium and the amount of helium that escapes during the first 5 hours are 
™ cliff , He = MN d ff\ He = (4kg/kmol)(0.73 1 x 10 - 9 kmol/s) = 2.92xlCT 9 kg/s 

m diff Re = ^diff,He^ = (2.92xl0 -9 kg/s)(5 x 3600 s) = 5.26x10 5 kg = 0.0526 g 


The initial mass of helium in the balloon is 


^initial 


Pi/ 

RT 


(l 10 kPa 1(4^(0.075 m) 3 1 3] , 3 .,^ 
(2.077 kPa.m 3 /kg -K)(298 K) 


Therefore, the fraction of helium that escapes the balloon during the first 5 h is 
Fraction = '” diff ' He = ° ,0526g = 0.168 (or 16.8%) 

"'initial °-314g 

Discussion This is a significant amount of helium gas that escapes the balloon, and explains why the 
helium balloons do not last long. Also, our assumption of constant pressure for the helium in the balloon is 
obviously not very accurate since 16.8% of helium is lost during the process. 
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14-54 A balloon is filled with helium gas. A relation for the variation of pressure in the balloon with time 
as a result of mass transfer through the balloon material is to be obtained, and the time it takes for the 
pressure in the balloon to drop from 1 10 to 100 kPa is to be determined. 

Assumptions 1 The pressure of helium inside the balloon remains nearly constant. 2 Mass diffusion is 
transient since the conditions inside the balloon change with time. 3 Mass diffusion is one- dimensional 
since the helium concentration in the balloon and thus at the inner surface is practically constant, and the 
helium concentration in the atmosphere and thus at the outer surface is practically zero. Also, there is 
symmetry about the midpoint of the balloon. 4 There are no chemical reactions in the balloon material that 
results in the generation or depletion of helium. 5 Helium is an ideal gas. 6 The diffusion of air into the 
balloon is negligible. 7 The volume of the balloon is constant. 8 The curvature effects of the balloon are 
negligible so that the balloon material can be treated as a plane layer. 

Properties The permeability of rubber to helium at 25°C is given to be 9.4x10" kmol/m.s.bar. The molar 
mass of helium is M = 4 kg/kmol and its gas constant is R = 2.077 kPa.m/kg.K (Table A-l). 

Analysis We can consider the total molar concentration to be constant (C = C A + C B = C B = constant), and 

the balloon to be a stationary medium since there is no diffusion of rubber molecules ( N B = 0 ) and the 

concentration of the helium in the balloon is extremely low (Ca « 1). The partial pressure of helium in the 
air is negligible. Since the balloon is filled with pure helium gas at 1 10 kPa, the initial partial pressure of 
helium in the balloon is 1 10 kPa. 

When permeability data is available, the molar flow rate of a gas through a solid wall of thickness 
L under steady one-dimensional conditions can be determined from Eq. 14-29, 

^diff,A, wall = ^AB ^ ~~ T “ = ^AB ^ ~ (kmol/s) 


where P A b is the permeability and P A ,i and P A2 are the partial pressures of helium on the two sides of the 
wall (note that the balloon can be treated as a plain layer since its thickness very small compared to its 
diameter, and P A \ is simply the pressure P of helium inside the balloon). 

Noting that the amount of helium in the balloon can be expressed as N = Pi/ / R U T and taking the 
temperature and volume to be constants, 


N = 


Pi/ 

R..T 


-> 


dN 


[/ dP 


dt R„T dt 


-> 


dP 

dt 


R U T dN 
{/ dt 


( 1 ) 


Conservation of mass dictates that the mass flow 
rate of helium from the balloon be equal to the 
rate of change of mass inside the balloon, 


dN 

dt 


~ ^diff,A,wall “ PaB 


A — 
L 


(2) 


Substituting (2) into (1), 
dP 


R U T dN 


R..T „ 

u P 


AB 


L 


dt i/ dt 1/ 

Separating the variables and integrating gives 
dP R„TP An A , , ^ p 

Pn 


RuTPab* 

i/L 


P 


P 


i/L 


dt —> lnP|^ = 


^2P ab A 

VL 



-> In 


P 

Pn 


^<2P ab A 

i/L 


He 

diffusion 


Rearranging, the desired relation for the variation of pressure in the balloon with time is determined to be 


PJP ad A 


3P.JP/ 


P = P 0 exp(- 1 ) = P 0 exp( t) 

vL rL 


A 4 nr 1 3 

since, tor a sphere, — = — = — 

i/ 4/rr 3 / 3 r 


Then the time it takes for the pressure inside the balloon to drop from 110 kPa to 100 kPa becomes 
100 kPa 


HOkPa 


= exp(- 


3(0.083 14 bar • m 3 / kmol • K)(298 K)(9.4 x 10~ 13 kmol/m • s • bar) 

(0.075 m)(0.1x 10' 3 m) 


/)->/ = 10,230 s = 2.84 h 


Therefore, the balloon will lose 10% of its pressure in about 3 h. 
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14-55 Pure N 2 gas is flowing through a rubber pipe. The rate at which N 2 leaks out by diffusion is to be 
determined for the cases of vacuum and atmospheric air outside. 

Assumptions 1 Mass diffusion is steady and one -dimensional since the nitrogen concentration in the pipe 
and thus at the inner surface of the pipe is practically constant, and the nitrogen concentration in the 
atmosphere also remains constant. Also, there is symmetry about the centerline of the pipe. 2 There are no 
chemical reactions in the pipe that results in the generation or depletion of nitrogen. 3 Both the nitrogen and 
air are ideal gases. 

Properties The diffusivity and solubility of nitrogen in rubber at 25°C are 1.5x10’ m /s and 0.00156 
kmol/m 3 .bar, respectively (Tables 14-3 and 14-7). 

Analysis We can consider the total molar concentration to be constant (C = C A + C B = C B = constant), and 

the container to be a stationary medium since there is no diffusion of rubber molecules ( N B - 0 ) and the 

concentration of the nitrogen in the container is extremely low (C A « 1). The partial pressures of oxygen 
and nitrogen in the air are 


P N = y N p = (0.79)(100kPa) = 79kPa = 0.79bar 
p Q = y Q p = (0.21)(100kPa) = 21kPa = 0.21bar 


Vacuum 


When solubility data is available, the molar flow 
rate of a gas through a solid can be determined by replacing 
the molar concentration by C A solidside (0) = S AB P A gasside (0) 

For a cylindrical pipe the molar rate of diffusion can be 
expressed in terms of solubility as 

P A i — P A 2 

^diff,A,cyl = 2 /tLDabSab ~ ~ 

ln(r 2 /rj) 

where S A b is the solubility and P A ,i and P A 2 are the partial 
pressures of gas A on the two sides of the wall. 

(a) The pipe is in vacuum and thus P A2 = 0: 



/Vdiff.A,cyi = 2 ^0 °m)(1 .5x1 O' 10 m 2 / s)(0.00l 56 kmol/m 3 


u , (l-O)bar 

• s • bar) 

ln(0.032/0.03) 


= 2.278x10 10 kmol/s 


(b) The pipe is in atmospheric air and thus P A2 = 0.79 bar: 


V d iff,A,cyi = 2^(10m)(1.5xl0 _1 °m 2 /s)(0.00 156 kmol/m 3 


, (l-0.79)bar 

• s • bar) 

ln(0. 032/0.03) 


= 4.784x10 11 kmol/s 


Discussion In the case of a vacuum environment, the diffusion rate of nitrogen from the pipe is about 5 
times the rate in atmospheric air. This is expected since mass diffusion is proportional to the concentration 
difference. 
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Water Vapor Migration in Buildings 

14-56C A tank that contains moist air at 3 atm is located in moist air that is at 1 atm. The driving force for 
moisture transfer is the vapor pressure difference, and thus it is possible for the water vapor to flow into the 
tank from surroundings if the vapor pressure in the surroundings is greater than the vapor pressure in the 
tank. 


14-57C The mass flow rate of water vapor through a wall of thickness L in therms of the partial pressure of 
water vapor on both sides of the wall and the permeability of the wall to the water vapor can be expressed 
as 


^diff,A,wall 





~Pk2 

L 


where M is the molar mass of vapor, P AB is the permeability, A is the normal area, and P A is the partial 
pressure of the vapor. 


14-58C The condensation or freezing of water vapor in the wall increases the thermal conductivity of the 
insulation material, and thus increases the rate of heat transfer through the wall. Similarly, the thermal 
conductivity of the soil increases with increasing amount of moisture. 


14-59C Vapor barriers are materials that are impermeable to moisture such as sheet metals, heavy metal 
foils, and thick plastic layers, and they completely eliminate the vapor migration. Vapor retarders such as 
reinforced plastics or metals, thin foils, plastic films, treated papers and coated felts, on the other hand, slow 
down the flow of moisture through the structures. Vapor retarders are commonly used in residential 
buildings to control the vapor migration through the walls. 


14-60C Excess moisture changes the dimensions of wood, and cyclic changes in dimensions weaken the 
joints, and can jeopardize the structural integrity of building components, causing “squeaking” at the 
minimum. Excess moisture can also cause rotting in woods, mold growth on wood surfaces, corrosion and 
rusting in metals, and peeling of paint on the interior and exterior wall surfaces. 


14-61C Insulations on chilled water lines are always wrapped with vapor barrier jackets to eliminate the 
possibility of vapor entering the insulation. This is because moisture that migrates through the insulation to 
the cold surface will condense and remain there indefinitely with no possibility of vaporizing and moving 
back to the outside. 


14-62C When the temperature, total pressure, and the relative humidity are given, the vapor pressure can be 
determined from the psychrometric chart or the relation P v = ^P sat where P sat is the saturation (or boiling) 

pressure of water at the specified temperature and (j) is the relative humidity. 
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14-63 The wall of a house is made of a 20-cm thick brick. The amount of moisture flowing through the 
wall in 24-h is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 
The vapor permeability of the wall is constant. 


• • • 1 2 

Properties The permeance of 100 mm thick wall is 46x10’ 

kg/s.m .Pa (Table 14-10). The saturation pressures of water are 

3169 Pa at 25°C, and 7384 Pa at 40°C (Table 14-9). 

Analysis The permeability of the wall is 

P = ML = (46xl0 -12 kg/s-m 2 -Pa)(0.10m) 

= 46xl0 -13 kg/s-m-Pa 


The mass flow rate of water vapor through a plain layer of 
thickness L and normal area A is given as (Eq. 14-31) 


m. 


= PA 


P „ , - P, 


V,1 


v,2 


L 


= PA 


A-^sat,l ^2^sat,2 


L 


where P is the vapor permeability, § is the relative humidity 
and P sat is the saturation pressure of water at the specified 
temperature. Subscripts 1 and 2 denote the states of the air on 
the two sides of the roof. Substituting, the mass flow rate of 
water vapor through the wall is determined to be 


Brick 

wall 



Outside 

40°C 

RH=50% 

Vapor 

diffusion 


m v 


(46x10 13 kg/s.m.Pa) 


[0.50(7384 Pa) - 0.50(3169 Pa)] 
0.20 m 


4.85x1 (T 8 kg/s-m 2 


Then the total amount of moisture that flows through the roof during a 24-h period becomes 

m v,24- h = m v At = (4.85xl0 -8 kg/s •m 2 )(24x 3600 s) = 0.0042 kg = 4.2 g 

Discussion The moisture migration through the wal can be reduced significantly by covering the roof with 
a vapor barrier or vapor retarder. 
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14-64 The inside wall of a house is finished with 9. 5 -mm thick gypsum wallboard. The maximum amount 
of water vapor that will diffuse through a 3 m x 8 m section of the wall in 24-h is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 
The vapor permeability of the wall is constant. 4 The vapor pressure at the outer side of the wallboard is 
zero. 

Properties The permeance of the 9.5 mm thick gypsum wall board to water vapor is given to be 2.86x1 O' 9 
kg/s.m 2 .Pa. (Table 14-10). The saturation pressure of water at 20°C is 2339 Pa (Table 14-9). 

Analysis The mass flow rate of water vapor through a plain layer of thickness L and normal area A is given 
as (Eq. 14-31) 


m v = PA 


n,i ^v,2 

L 


n a ^l^sat,l ^2^sat,2 kaa/j. rt j. n \ 

= p A = M A(^P sat l -^ 2 P sat , 2 ) 


where P is the vapor permeability and M = P/L is the 
permeance of the material, (j) is the relative humidity and 
P sat is the saturation pressure of water at the specified 
temperature. Subscripts 1 and 2 denote the air on the 
two sides of the wall. 

Noting that the vapor pressure at the outer side of the 
wallboard is zero ((fh = 0) and substituting, the mass 
flow rate of water vapor through the wall is determined 
to be 


Plaster 

board 



m v = (2.86xl(T 9 kg/s.m'.Pa)(3 x 8 m 2 )[0.60(2339 Pa) - 0] = 9.63x1 (T 5 kg/s 
Then the total amount of moisture that flows through the wall during a 24-h period becomes 
m v ,24 -h - m v At = (9.63xl0 -5 kg/s)(24 x 3600 s) = 8.32kg 


Discussion This is the maximum amount of moisture that can migrate through the wall since we assumed 
the vapor pressure on one side of the wall to be zero. 
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14-65 The inside wall of a house is finished with 9.5-mm thick gypsum wallboard with a 0.051 -mm thick 
polyethylene film on one side. The maximum amount of water vapor that will diffuse through a 3 m x 8 m 
section of the wall in 24-h is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 
The vapor permeabilities of the wall and of the vapor barrier are constant. 4 The vapor pressure at the outer 
side of the wallboard is zero. 


Properties The permeances of the 9.5 mm thick gypsum wall board and of the 0.05 1-mm thick 
polyethylene film are given to be 2.86x10' and 9.1x10’ kg/s.m .Pa, respectively (Table 14-10). The 
saturation pressure of water at 20°C is 2339 Pa (Table 14-9). 


Analysis The mass flow rate of water vapor through a 
two-layer plain wall of normal area A is given as (Eqs. 
14-33 and 14-35) 


. P v ,l ?v,2 . ^l^sat,l ^2-^sat,2 

= A = A — 


R 


v, total 


R 


v, total 


where /? v , total is the total vapor resistance of the medium, 
(/) is the relative humidity and P sat is the saturation 
pressure of water at the specified temperature. 
Subscripts 1 and 2 denote the air on the two sides of the 
wall. The total vapor resistance of the wallboard is 


^v, total ^v,wall ^v,film 

1 1 

2.86x1 (T 9 kg/s.m 2 . Pa 9.1xl(T 12 kg/s.m 2 . Pa 
= l.lOxlO 11 s.m 2 .Pa/kg 


Plaster 

board 



Noting that the vapor pressure at the outer side of the wallboard is zero (cj) 2 = 0) and substituting, the mass 
flow rate of water vapor through the wall is determined to be 

. >nat,i-^sat ,2 „ Q 2 , 0.60(2339 Pa) - 0 QA/:iA _ 7l , 
m„ = A = (3x8 m ) = 3.06x10 kg/s 


R 


v, total 


1.10x10" s.m 2 . Pa/kg 


Then the total amount of moisture that flows through the wall during a 24-h period becomes 


m 


= tit At = (3.06xlCT 7 kg/s)(24 x 3600 s) = 0.0264 kg = 26.4 g 


v, 24-h 


Discussion This is the maximum amount of moisture that can migrate through the wall since we assumed 
the vapor pressure on one side of the wall to be zero. Note that the vapor barrier reduced the amount of 
vapor migration to a negligible level. 
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14-66 The roof of a house is made of a 20-cm thick concrete layer. The amount of water vapor that will 
diffuse through a 15 m x 8 m section of the roof in 24-h is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the roof is one-dimensional. 3 
The vapor permeability of the roof is constant. 


Properties The permeability of the roof to water vapor is given 
to be 24.7x10' kg/s.m.Pa. The saturation pressures of water 
are 768 Pa at 3°C, and 3169 Pa at 25°C (Table 14-9). 

Analysis The mass flow rate of water vapor through a plain 
layer of thickness L and normal area A is given as (Eq. 14-31) 

jit PA ^l^sat,l ^2^°sat,2 

L L 

where P is the vapor permeability, (/) is the relative humidity 
and P sat is the saturation pressure of water at the specified 
temperature. Subscripts 1 and 2 denote the states of the air on 
the two sides of the roof. Substituting, the mass flow rate of 
water vapor through the roof is determined to be 


100 kPa 
3°C 

Moisture RH=30% 


i 

i 

1 i 

i 

( 

j Concrete ( 

i 

n 

1 i 

L 

20 cm 

r 

“ i 

( 


25°C 

RH=50% 


m v = (24.7x1 (T 12 kg/s.m.Pa)(15 x 8 m 2 ) 


[0.50(3 169 Pa) - 0.30(768 Pa)] 

(0.20 m) 


2.01xl0~ 5 kg/s 


Then the total amount of moisture that flows through the roof during a 24-h period becomes 

m v,24-h = >< At = (2.01x1 (T 5 kg/s)(24x 3600 s) = 1.74 kg 

Discussion The moisture migration through the roof can be reduced significantly by covering the roof with 
a vapor barrier or vapor retarder. 
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14-67 EES Prob. 14-66 is reconsidered. The effects of temperature and relative humidity of air inside the 
house on the amount of water vapor that will migrate through the roof are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

A=1 5*8 [m A 2] 

L=0.20 [m] 

T_1 =25 [C] 

phi 1 =0.50 

P_atm=100 [kPa] 
time=24*3600 [s] 

T_2=3 [C] 
phi_2=0.30 

Permeability=24.7E-1 2 [kg/s-m-Pa] 

"PROPERTIES" 

Fluid$='steam_IAPWS' 

P_sat1=Pressure(Fluid$, T=T_1, x=1)*Convert(kPa, Pa) 
P_sat2=Pressure(Fluid$, T=T_2, x=1)*Convert(kPa, Pa) 

"ANALYSIS" 

m_dot_v=Permeability*A*(phi_1 *P_sat1 -phi_2*P_sat2)/L 
m v=m dot v*time 


T, [C] 

m v [kg] 

15 

0.8007 

16 

0.8731 

17 

0.9496 

18 

1.03 

19 

1.116 

20 

1.206 

21 

1.301 

22 

1.402 

23 

1.508 

24 

1.62 

25 

1.738 

26 

1.862 

27 

1.992 

28 

2.13 

29 

2.275 

30 

2.427 
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<I>1 

m v [kg] 

0.3 

0.9261 

0.32 

1.007 

0.34 

1.088 

0.36 

1.17 

0.38 

1.251 

0.4 

1.332 

0.42 

1.413 

0.44 

1.494 

0.46 

1.575 

0.48 

1.657 

0.5 

1.738 

0.52 

1.819 

0.54 

1.9 

0.56 

1.981 

0.58 

2.062 

0.6 

2.143 

0.62 

2.225 

0.64 

2.306 

0.66 

2.387 

0.68 

2.468 

0.7 

2.549 
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14-68 The roof of a house is made of a 20-cm thick concrete layer painted with a vapor retarder paint. The 
amount of water vapor that will diffuse through a 15 m x 8 m section of the roof in 24-h is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the roof is one-dimensional. 3 
The vapor permeabilities of the roof and of the vapor barrier are constant. 


Properties The permeability of concrete to water vapor and the 
permeance of the vapor retarder to water vapor are given to be 
24.7x1 O' 12 kg/s.m.Pa and 26x1 O' 12 kg/s.m 2 .Pa, respectively. 

The saturation pressures of water are 768 Pa at 3°C, and 3169 
Pa at 25°C (Table 14-9). 

Analysis The mass flow rate of water vapor through a two- 
layer plain roof of normal area A is given as (Eqs. 14-33 and 
14-35) 

. ^,1 ~^v,2 A ^l^sat.l - 02^sat,2 

m v = A = A 

^v, total ^v, total 

where R w to tai is the total vapor resistance of the medium, (j) is 
the relative humidity and P sat is the saturation pressure of water 
at the specified temperature. Subscripts 1 and 2 denote the air 
on the two sides of the roof. The total vapor resistance of the 
roof is 


100 kPa 
3°C 


Moisture RH=30% 



^v, total ^v,roof ^v,film 


L 

= — + 


1 


P M 


= 4.66x10 10 s.m 2 . Pa/kg 


0.20 m 1 

24.7xl0 -12 kg/s.m.Pa 26xl0 -12 kg/s. m 2 . Pa 


Substituting, the mass flow rate of water vapor through the roof is determined to be 

. >^sat,i-^sat ,2 „ c Q 2 , 0.50(3 169 Pa) - 0.30(768 Pa) in _ 6l , 

ra„ = A = (15x8 m ) = 3.49x10 kg/s 


R 


v, total 


4.66x10 10 s.m 2 . Pa/kg 


Then the total amount of moisture that flows through the roof during a 24-h period becomes 


m 


= m v At = (3.49 x 10~ 6 kg/s)(24x 3600 s) = 0.301 kg = 301 g 


v, 24-/i 
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14-69 A glass of milk left on top of a counter is tightly sealed by a sheet of 0.009-mm thick aluminum foil. 
The drop in the level of the milk in the glass in 12 h due to vapor migration through the foil is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the foil is one-dimensional. 3 
The vapor permeability of the foil is constant. 

Properties The permeance of the foil to water vapor is given to be 2.9x10’ " kg/s.nr.Pa. The saturation 
pressure of water at 15°C is 1705 Pa (Table 14-9). We take the density of milk to be 1000 kg/m 3 . 

Analysis The mass flow rate of water vapor through a plain layer of thickness L and normal area A is given 
as (Eq. 14-31) 


m v = PA 


P v ,2 

L 


= PA 


^l-^sat,l ^2-^sat,2 


L 


- M A{(j) x P sat i $2 P s at, 2 ) 


where P is the vapor permeability and M = P/L is the permeance of the 
material, (j) is the relative humidity and P sat is the saturation pressure of 
water at the specified temperature. Subscripts 1 and 2 denote the states 
of the air on the two sides of the foil. 

The diffusion area of the foil is A - tjt 2 - ir( 0.06 m) 2 = 0.01 13 m 2 . 
Substituting, the mass flow rate of water vapor through the foil becomes 

m v = (2.9x1 (T 12 kg/s.m 2 .Pa)(0.01 13 m 2 )[l(1705 Pa) -0.5(1705 Pa)] 

= 2.79x1 (T 11 kg/s 

Then the total amount of moisture that flows through the 
foil during a 12-h period becomes 

m v ,n- h = m v At = (2.79xKT n kg/s)(12x 3600s) = 1.21xl0' 6 kg 
V = m/p = (1.21xl0“ 6 kg) /(1000 kg/m 3 ) = 1.21 xl(T 9 m 3 


Air 
15°C 
88 kPa 
RH=50% 

Moisture 



Then the drop in the level of the milk becomes 


Ah = — = 1,21x10 — E_ = i. lxl 0“ 7 m = 0.0011 mm 


A 


0.0113m 


Discussion The drop in the level of the milk in 12 h is very small, and thus it is not noticeable. 
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Transient Mass Diffusion 

14-70C The diffusion of a solid species into another solid of finite thickness can usually be treated as a 
diffusion process in a semi-infinite medium regardless of the shape and thickness of the solid since the 
diffusion process affects a very thin layer at the surface. 


14-71C The penetration depth is defined as the location 
where the tangent to the concentration profile at the 
surface (x = 0) intercepts the C A = C A , line, and it 

represents the depth of diffusion at a given time. The 
penetration depth can be determined to be 

^ diff = ^D AB t 

where D A B is the diffusion coefficient and t is the time. 



14-72C When the density of a species A in a semi-infinite medium is known initially and at the surface, the 
concentration of the species A at a specified location and time can be determined from 


C A (xj)-C Ai 

C A ,s - C A ,i 


f \ 



J 


where C A i is the initial concentration of species A at time t = 0, C A s is the concentration at the inner side of 
the exposed surface of the medium, and erfc is the complementary error function. 
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14-73 A steel component is to be surface hardened by packing it in a carbonaceous material in a furnace at 
1 150 K. The length of time the component should be kept in the furnace is to be determined. 

Assumptions 1 Carbon penetrates into a very thin layer beneath the surface of the component, and thus the 
component can be modeled as a semi-infinite medium regardless of its thickness or shape. 2 The initial 
carbon concentration in the steel component is uniform. 3 The carbon concentration at the surface remains 
constant. 


Properties The relevant properties are given in the problem statement. 

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi- 
infinite medium with specified surface temperature, and thus can be solved accordingly. Using mass 
fraction for concentration since the data is given in that form, the solution can be expressed as 


w A (xj)-w Al 


= erfc 


w 


A, s 




A.i 




X 




Substituting the specified quantities gives 

/ \ 


0.0032-0.0012 

0 . 011 - 0.0012 


= 0.204 = erfc 




2 y[5 


AB 


t 


The argument whose complementary error function is 
0.204 is determined from Table 4-4 to be 0.898. That is, 


—==, = 0.898 
2-v D A b t 

Then solving for the time t gives 



4D ab (0.742) 2 


(0.0007 m) 2 

4x(7.2xl0~ 12 m 2 /s)(0.898) 2 


= 21,098 s = 5.9 h 


Therefore, the steel component must be held in the furnace for 5.9 h to achieve the desired level of 
hardening. 

Discussion The diffusion coefficient of carbon in steel increases exponentially with temperature, and thus 
this process is commonly done at high temperatures to keep the diffusion time to a reasonable level. 
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14-74 A steel component is to be surface hardened by packing it in a carbonaceous material in a furnace at 
5000 K. The length of time the component should be kept in the furnace is to be determined. 

Assumptions 1 Carbon penetrates into a very thin layer beneath the surface of the component, and thus the 
component can be modeled as a semi-infinite medium regardless of its thickness or shape. 2 The initial 
carbon concentration in the steel component is uniform. 3 The carbon concentration at the surface remains 
constant. 


Properties The relevant properties are given in the problem statement. 

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi- 
infinite medium with specified surface temperature, and thus can be solved accordingly. Using mass 
fraction for concentration since the data is given in that form, the solution can be expressed as 


w A (xj)-w Al 


w A,s ~ ™A,i 


= erfc 


A 


x 




Substituting the specified quantities gives 

/ \ 


0.0032-0.0012 

0 . 011 - 0.0012 


= 0.204 = erfc 




2 y[5 


AB 


t 


The argument whose complementary error function is 
0.204 is determined from Table 4-4 to be 0.898. That is, 


— -=^ = 0.898 
2-v D A b t 

Solving for the time t gives 



4 D ab (0.742) 2 


(0.0007 m) 2 

4x(2.1xl0~ 20 m 2 /s)(0.898) 2 


7.233 x 10 12 s = 232,600 years 


Therefore, the steel component must be held in the furnace forever to achieve the desired level of 
hardening. 

Discussion The diffusion coefficient of carbon in steel increases exponentially with temperature, and thus 
this process is commonly done at high temperatures to keep the diffusion time to a reasonable level. 
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14-75 A pond is to be oxygenated by forming a tent over the water surface and filling the tent with oxygen 
gas. The molar concentration of oxygen at a depth of 1 cm from the surface after 24 h is to be determined. 

Assumptions 1 The oxygen in the tent is saturated with water vapor. 2 Oxygen penetrates into a thin layer 
at the pond surface, and thus the pond can be modeled as a semi-infinite medium. 3 Both the water vapor 
and oxygen are ideal gases. 4 The initial oxygen content of the pond is zero. 

Properties The diffusion coefficient of oxygen in water at 25°C is D AB = 2.4 xlO" m /s (Table 14-3a). 
Henry’s constant for oxygen dissolved in water at 300 K (= 25°C) is given in Table 14-6 to be H = 43,600 
bar. The saturation pressure of water at 25°C is 3.17 kPa (Table 14-9). 

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi- 
infinite medium with specified surface temperature, and thus can be solved accordingly. The vapor pressure 
in the tent is the saturation pressure of water at 25°C since the oxygen in the tent is saturated, and thus the 
partial pressure of oxygen in the tank is 

=P-P V =130-3.17 = 126.83 kPa 


Then the mole fraction of oxygen in the water at the 
pond surface becomes 


O . linniHciflp 


... 


1.2683bar 

43,600bar 


2.91xl(T 5 


The molar concentration of oxygen at a depth of 2 cm 
from the surface after 12 h can be determined from 


yo 2 (*>*)- ycy 
yo 2 ,s y o 2 4 




Substituting, 


y 0 (x ,/)-0 

- = eric 


r 


2.88xl0 -5 -0 


0.01 m 


2 a /(2.4x 10 -9 m 2 /s)(24x 3600 s) 


= 0.665 > y 0 (0.02 m, 24 h) = 1.92x10 


-5 


Therefore, there will be 1 8 moles of oxygen per million at a depth of 1 cm from the surface in 24 h. 
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14-76 A long cylindrical nickel bar saturated with hydrogen is taken into an area that is free of hydrogen. 
The length of time for the hydrogen concentration at the center of the bar to drop by half is to be 
determined. 

Assumptions 1 The bar can be treated as an infinitely long cylinder since it is very long and there is 
symmetry about the centerline. 2 The initial hydrogen concentration in the steel bar is uniform. 3 The 
hydrogen concentration at the surface remains constant at zero at all times. 4 The Fourier number is x > 0.2 
so that the one-term transient solutions are valid. 


Properties The molar mass of hydrogen H 2 is M = 2 kg / kmol (Table A-l). The solubility of hydrogen in 
nickel at 358 K is 0.00901 kmol / m 3 .bar (Table 14-7). The diffusion coefficient of hydrogen in nickel at 
298 K is £) ab = 1.2xl0' 12 m 2 /s (Table 14-3b). 


Analysis This problem is analogous to the one-dimensional 
transient heat conduction problem in an infinitely long 
cylinder with specified surface temperature, and thus can be 
solved accordingly. Noting that 300 kPa = 3 bar, the molar 
density of hydrogen in the nickel bar before it is taken out 
of the storage room is 

^H 2 ,solidside ^ X ^H 2 , gas side 

= (0.00901kmol/m 3 .bar)(3bar) 

= 0.027kmol/m 3 

The molar concentration of hydrogen at the center of the 
bar can be calculated from 

2 .0 ~^H 2 ,CQ _ ^ e -^ T 

2 .1 ~ ^H 2 ,00 


Well-ventilated 

area 



The Biot number in this case can be taken to be infinity since the bar is in a well-ventilated area during the 
transient case. The constants A! and for the infinite Bi are determined from Table 4-2 to be 1.6021 and 
2.4048, respectively. Noting that the concentration of hydrogen at the outer surface is zero, and the 
concentration of hydrogen at the center of the bar is one half of the initial concentration, the Fourier 
number, t, can be determined from 


(0.027 / 2) -0 = 1 6 Q21^-(2.4048) 2 r 
0.027-0 


0.2014 


Using the definition of the Fourier number, the time required to drop the concentration of hydrogen by half 
is determined to be 


D AB t _ t r; (0.2014X0.025) 2 
T = >t = = = 

r 2 0 D ab 1.2x10 12 
Therefore, it will take years for this nickel bar to be free 


1.049 xlO 8 s = 1214days = 3.33 years 
of hydrogen. 
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Diffusion in a Moving Medium 

14-77C The mass-average velocity of a medium at some location is the average velocity of the mass at 
that location relative to an external reference point. It is the velocity that would be measured by a velocity 
sensor such as a pitot tube, a turbine device, or a hot wire anemometer inserted into the flow. The diffusion 
velocity at a location is the average velocity of a group of molecules at that location moving under the 
influence of concentration gradient. A stationary medium is a medium whose mass average velocity is 
zero. A moving medium is a medium that involves a bulk fluid motion caused by an external force. 


14-78C The diffusion velocity at a location is the average velocity of a group of molecules at that location 
moving under the influence of concentration gradient. The average velocity of a species in a moving 
medium is equal to the sum of the bulk flow velocity and the diffusion velocity. Therefore, the diffusion 
velocity can increase of decrease the average velocity, depending on the direction of diffusion relative to 
the direction of bulk flow. The velocity of a species in the moving medium relative to a fixed reference 
point will be zero when the diffusion velocity of the species and the bulk flow velocity are equal in 
magnitude and opposite in direction. 


14-79 C The mass-average velocity of a medium at some location is the average velocity of the mass at 
that location relative to an external reference point. The molar-average velocity of a medium at some 
location is the average velocity of the molecules at that location, regardless of their mass, relative to an 
external reference point. If one of these velocities are zero, the other will not necessarily be zero. The mass- 
average and molar-average velocities of a binary mixture will be the same when the molar masses of the 
two constituents are equal to each other. The mass and mole fractions of each species in this case will be 
the same. 


14-80C (a) T, (Jj) T, (c) F, (d) F 


14-81 C The diffusion of a vapor through a stationary gas column is called the Stefan flow. The Stefan’s 
law can be expressed as 


] a =N a /A = 


cd ab ^ i y a,l 


L 


l -y A ,o 


where C is the average concentration of the mixture, D AB is the diffusion coefficient of A in B, L is the 
height of the gas column, y A> L is the molar concentration of a species at x = L, and y At 0 is the molar 
concentration of the species A at x = 0. 
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14-82E The pressure in a helium pipeline is maintained constant by venting to the atmosphere through a 
long tube. The mass flow rates of helium and air, and the net flow velocity at the bottom of the tube are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Helium and atmospheric air are ideal gases. 3 No 
chemical reactions occur in the tube. 4 Air concentration in the pipeline and helium concentration in the 
atmosphere are negligible so that the mole fraction of the helium is 1 in the pipeline, and 0 in the 
atmosphere (we will check this assumption later). 

Properties The diffusion coefficient of helium in air (or air in helium) at normal atmospheric conditions is 
D ab = 7.75 xl0~ 4 ft 3 /s (Table 14-2). The molar mass of helium is M = 4 lbm / lbmol, and the molar mass of 
air is 29 lbm / lbmol (Table A- IE). 

Analysis This is a typical equimolar counterdiffusion process since the 
problem involves two large reservoirs of ideal gas mixtures connected 
to each other by a channel, and the concentrations of species in each 
reservoir (the pipeline and the atmosphere) remain constant. 

(a) The flow area, which is the cross-sectional area of the tube, is 

A = xD 2 / 4 = ^-(0.25 /12ft) 2 /4 = 3.41xl0~ 4 ft 2 

Noting that the pressure of helium is 14.5 psia at the bottom of the 
tube (. x = 0) and 0 at the top (x = L), its molar flow rate is 


He 


Air 

80°F 

xr A,r 


^helium “ ^diff,A 


D ab A Pa o P 


A,0 


A,L 


R..T 


L 


He 




0.25 in. 
30 ft 


Helium, 80°F 
14.5 psia 


Air 

► 5 lbm/s 


_ (7.75 xl0~ 4 ft 2 /s)(3.41xl0” 4 ft 2 ) (14.5-0) psia 
(10.73 psia. ft 3 /lbmol.R)(540 R) 30 ft 
= 2.20x10"“ lbmol/s 

Therefore, the mass flow rate of helium through the tube is 

ra helium = (NAf ) h eiium = (2.20xl0 -11 lbmol/s)(41bm/lbmol) = 8.80x 10 -11 lbm/s 
which corresponds to 0.00278 lbm per year. 

(b) Noting that N B - —N A during an equimolar counterdiffusion process, the molar flow rate of air into 

the helium pipeline is equal to the molar flow rate of helium. Thus the mass flow rate of air into the 
pipeline is 


A 




m 


= ( NM). A -. r = (-2.20 x 10 11 lbmol/s)(29 lbm/lbmol)= -6.38 x 10 1U lbm/s 


10 


air 


The mass fraction of air in helium pipeline is 


w ■ = 

yy air 


m. 


air 


6.38xlO" 10 lbm/s 


m 


total 


(5 + 6.38xl0 _1 ° - 8.8 xlO" 11 ) lbm/s 


= 1.28x10 


-10 


0 


which validates our original assumption of negligible air in the pipeline, 
(c) The net mass flow rate through the tube is 


= 8.80x10"“ -6.38xlO" 10 =-5.50x10 


-10 


lbm/s 


m net ^ helium m air 

The mass fraction of air at the bottom of the tube is very small, as shown above, and thus the density of the 
mixture at x = 0 can simply be taken to be the density of helium which is 

P 14.5 psia 


P — /^helium 


= 0.01002 lbm/ft 


RT (2.68 1 psia.ft J /lbm.R)(540 R) 

Then the average flow velocity at the bottom part of the tube becomes 


V = 


m 


net 


-5.50xl0~ 10 lbm/s 


= -1.61x10 4 ft/s 


pA (0.01002 lbm/ft 3 )(3.41 x 10^ 4 ft 2 ) 

Discussion This flow rate is difficult to measure by even the most sensitive velocity measurement devices. 
The negative sign indicates flow in the negative x direction (towards the pipeline). 
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14-83E The pressure in a carbon dioxide pipeline is maintained constant by venting to the atmosphere 
through a long tube. The mass flow rates of carbon dioxide and air, and the net flow velocity at the bottom 
of the tube are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Carbon dioxide and atmospheric air are ideal gases. 3 
No chemical reactions occur in the tube. 4 Air concentration in the pipeline and carbon dioxide 
concentration in the atmosphere are negligible so that the mole fraction of the carbon dioxide is 1 in the 
pipeline, and 0 in the atmosphere (we will check this assumption later). 

Properties The diffusion coefficient of carbon dioxide in air (or air in carbon dioxide) at normal 
atmospheric conditions is D AB = 1.72x1 O' 4 ft 2 /s (Table 14-2). The molar mass of carbon dioxide is M = 44 
lbm / lbmol, and the molar mass of air is 29 lbm / lbmol (Table A- IE). 

Analysis This is a typical equimolar counterdiffusion process since the 
problem involves two large reservoirs of ideal gas mixtures connected 
to each other by a channel, and the concentrations of species in each 
reservoir (the pipeline and the atmosphere) remain constant. 

(a) The flow area, which is the cross-sectional area of the tube, is 

A = kD 2 / 4 = ^-(0.25 /12ft) 2 /4 = 3.41xl0~ 4 ft 2 



Noting that the pressure of carbon dioxide is 14.5 psia at the bottom of 
the tube (x = 0) and 0 at the top (x = L), its molar flow rate is 
determined from Eq. 14-64 to be 


◄ M 


0.25 in. 


30 ft 


^helium “ ^diff,A 


D An A P a ,o -P. 


AB 

R..T 


A,L 


L 


_ (1.72xl0 -4 ft 2 /s)(3.41xl0~ 4 ft 2 ) (14.5-0) psia 
(10.73 psia.fr 3 /lbmol.R)(540 R) 30 ft 

= 4.89xl0~ 12 lbmol/s 

\ 

Therefore, the mass flow rate of carbon dioxide through the tube is 

,-12 


CO 




C0 2 , 80°F 
14.5 psia 


Air 

5 lbm/s 


7 \ 


\J 


m co = ( NM) C0 = (4.89 x 1(T 1Z lbmol/s)(44 lbm/lbmol) = 2.15 x 1(T 1# lbni/s 


which corresponds to 0.00678 lbm per year. 

(b) Noting that N B = -N A during an equimolar counter diffusion process, the molar flow rate of air into 
the C0 2 pipeline is equal to the molar flow rate of C0 2 . Thus the mass flow rate of air into the pipeline is 


m 


= (NM) ■ =(-4.89xl(T 12 lbmol/s)(29 lbm/lbmol) = -1.42 x 10 - "' lbm/s 


10 


air 


The mass fraction of air in carbon dioxide pipeline is 

1.42xl(T 10 lbm/s 


w ■ = 

yv air 


m 


m 


total 


(5 + 1.42xlO“ 10 -2.15xlO -10 ) lbm/s 


= 2.84x10 


-li 


0 


which validates our original assumption of negligible air in the pipeline, 
(c) The net mass flow rate through the tube is 

+ m 


m net = m C0 2 


air 


= 2.15xl(T 10 -1.42xlO~ 10 = -7.3xl0 _u lbm/s 


The mass fraction of air at the bottom of the tube is very small, as shown above, and thus the density of the 
mixture at x = 0 can simply be taken to be the density of carbon dioxide which is 

P 14.5 psia 


P Ao RT (0.2438 psia.ft 3 /lbm.R)(540R) 


= 0.110 lbm/ft 


Then the average flow velocity at the bottom part of the tube becomes 

V _ ^net_ -7.30X1Q- 11 lbm/s = 195 x 10 - 6 ft/s 

pA (0.1101bm/ft 3 )(3.41xl0 -4 ft 2 ) 

Discussion This flow rate is difficult to measure by even the most sensitive velocity measurement devices. 
The negative sign indicates flow in the negative x direction (towards the pipeline). 
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14-84 A hydrogen tank is maintained at atmospheric temperature and pressure by venting to the atmosphere 
through the charging valve. The initial mass flow rate of hydrogen out of the tank is to be determined. 

Assumptions 1 Steady operating conditions at initial conditions exist. 2 Hydrogen and atmospheric air are 
ideal gases. 3 No chemical reactions occur in the valve. 4 Air concentration in the tank and hydrogen 
concentration in the atmosphere are negligible so that the mole fraction of the hydrogen is 1 in the tank, and 
0 in the atmosphere (we will check this assumption later). 

Properties The molar mass of hydrogen is M = 2 kg/kmol (Table A-l). The diffusion coefficient of 

r q 

hydrogen in air (or air in hydrogen) at 1 atm and 25°C is D AB = 7.2 xlO~ nr/s (Table 14-2). However, the 
pressure in the tank is 90 kPa = 0.88 atm. The diffusion coefficient at 25°C and 0.88 atm is determined from 


DaB,1 atm _ 7.2x10 5 
P (in atm) ~~ 0.88 


8.18xl0“ 5 m 2 /s 


Analysis This is a typical equimolar counterdiffusion process since the problem involves two large 
reservoirs of ideal gas mixtures connected to each other by a channel, and the concentrations of species in 
each reservoir (the pipeline and the atmosphere) remain constant. The cross-sectional area of the valve is 

A = ttD 2 /4 = ;r(0.03m) 2 /4 = 7.069x10^ m 2 


Noting that the pressure of hydrogen is 90 kPa at the bottom of 
the charging valve (x = 0) and 0 kPa at the top (x = L), its 
molar flow rate is determined from Eq. 14-64 to be 



- N dijf,A 


Dab A ^a, o P a,l 

L 


(8.18xl(T 5 m 2 /s)(7.069xlCT 4 m 2 ) (90-0)kPa 
(8.314 kPa.m 3 /kmol.K)(298 K) 0.1m 


= 2.098 xl(T 8 kmol/s 


Then the mass flow rate of hydrogen becomes 

m Hi ={nm) h = (2.O8I xl0~ 8 kmol/s )(2 kg/kmol )= 4.2x10 8 kg/s 


Discussion This is the highest mass flow rate. It will decrease during the 
process as air diffuses into the tank and the concentration of hydrogen in 
tank drops. 


H2 Air 
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14-85 EES Prob. 14-84 is reconsidered. The mass flow rate of hydrogen lost as a function of the diameter 
of the charging valve is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

thickness=0.02 [m] 

T=25+273 [K] 

P_atm=90 [kPa] 

D=3 [cm] 

extensions. 08 [m] 

L=0.1 0 [m] 

"PROPERTIES" 

MM_H2=Molarmass(H2) 

D_AB_1atm=7.2E-5 [m A 2/s] "from Table 14-2 of the text at 1 atm and 25 C" 
D_AB=D_AB_1 atm*P_1 atm/(P_atm*Convert(kPa, atm)) "at 90 kPa and 25 C" 
P_1atm=1 [atm] 

R_u=8.314 [kPa-m A 3/kmol-K] 

"ANALYSIS" 

A=pi*D A 2/4*Convert(cm A 2, m A 2) 

N_dot_H2=(D_AB*A)/(R_u*T)*(P_atm-0)/L 
m dot H2=N dot H2*MM H2 


D [cm] 

m H2 [kg/s] 

1 

4.662E-09 

1.2 

6.714E-09 

1.4 

9.138E-09 

1.6 

1.193E-08 

1.8 

1.51 IE-08 

2 

1.865E-08 

2.2 

2.257E-08 

2.4 

2.686E-08 

2.6 

3.152E-08 

2.8 

3.655E-08 

3 

4.196E-08 

3.2 

4.774E-08 

3.4 

5.390E-08 

3.6 

6.043E-08 

3.8 

6.733E-08 

4 

7.460E-08 

4.2 

8.225E-08 

4.4 

9.026E-08 

4.6 

9.866E-08 

4.8 

1.074E-07 

5 

1.165E-07 




1.5 


2.5 3 3.5 

D [cm] 


4.5 
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14-86E The amount of water that evaporates from a Stefan tube at a specified temperature and pressure 
over a specified time period is measured. The diffusion coefficient of water vapor in air is to be determined. 
Assumptions 1 Water vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid 
water is negligible. 3 Heat is transferred to the water from the surroundings to make up for the latent heat of 
vaporization so that the temperature of water remains constant at 80°F. 


Properties The saturation pressure of water at 80°F is 0.5073 psia (Table A-9E). 


Analysis The vapor pressure at the air-water interface is the saturation pressure of water at 80°F, and the 
mole fraction of water vapor (species A) is determined from 


y 


vapor, o 


= ) , A , 0 


Pvapon ° = °- 5073psia = 0.0368 
P 13.8psia 


Dry air is blown on top of the tube and thus y va por,L = Ja,l=0. 
Also, the total molar density throughout the tube remains 
constant because of the constant temperature and pressure 
conditions, and is determined to be 


C = 


P 


13.8 psia 


R„T 


10.73psia.fr/lbmol 


• r](540R) 


= 0.00238 lbmol/ft 


The cross-sectional area of the valve is 


Air, B 


Ta,l 



A = nD 2 / 4=^(l/ 12ft) 2 /4 = 5.45xlCT 3 ft 2 


The evaporation rate is given to be 0.0025 lbm per 10 days. Then the molar flow rate of vapor is 
determined to be 



= N 


vapor 


vapor 


M 


vapor 


0.0025 lbm 

(10 x 24 x 3600 s )(l 8 lbm/lbmol) 


1.6 lxl CT 10 lbm/s 


Finally, substituting the information above into Eq. 14-59 we get 


N A 

- CDab In 

\ — y a, l 

1.61xlO~ 10 lbm/s 

y — 

(0.00238 lbm/ft 3 )d ab 

f 1-0 1 

A 

L 


5.45xl0 -3 ft 2 

10/12 ft 11 

1 1-0.0368 J 


It gives 

£> ab = 2.76 xlO' 4 ft 2 /s 

for the binary diffusion coefficient of water vapor in air at 80°F and 13.8 psia. 
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14-87 A pitcher that is half filled with water is left in a room with its top open. The time it takes for the 
entire water in the pitcher to evaporate is to be determined. 

Assumptions 1 Water vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid 
water is negligible. 3 Heat is transferred to the water from the surroundings to make up for the latent heat of 
vaporization so that the temperature of water remains constant at 15°C. 

Properties The saturation pressure of water at 15°C is 1.705 kPa (Table A-9). The density of water in the 
pitcher can be taken to be 1000 kg/m 3 . The diffusion coefficient of water vapor in air at 15°C (= 288 K) and 
87 kPa (0.86 atm) can be determined from 


D ab = 1.87x10 


-10 


T 


2.072 


P 


= 1.87x10 


-10 


(288 K) 


2.072 


0.86 


= 2.71x1 0~ 5 m 2 /s 


Analysis The flow area, which is the cross-sectional area of the pitcher, is 
A = kD 2 / 4= ;r(0.08m) 2 / 4 = 5.026xl(T 3 m 2 


The vapor pressure at the air-water interface is the saturation pressure 
of water at 15°C, which is 1.705 kPa. The air at the top of the pitcher 
(x = L ) can be assumed to be dry ( Pa l - 0)- The distance between the 
water surface and the top of the pitcher is initially 15 cm, and will be 
30 cm at the end of the process when all the water is evaporated. 
Therefore, we can take the average height of the air column above the 
water surface to be (15+30)/2 = 22.5 cm. Then the molar flow rate is 
determined from 



Dab A 


KJ 


Pa,o ?a,l 

L 


(2.71x1 (T 5 m 2 /s)(5.026xl0“ 3 m 2 ) (1.705-0) kPa 
(8.3 14kPa.m 3 /kmol.K)(288K) 0.225 m 


= 4.31xlO -10 kmol/s 


Room 
15°C 
87 kPa 


Water 



The initial mass of water in the pitcher is 

,2 


m 


water 


= P 


tiD z , L 3 );r(0.08m)' 


L = 1000 kg/m 


(0.15m) = 0.754kg 


4 v 7 4 

Then the time required to evaporate the water completely becomes 

m. 


N 


vapor 


vapor A txM 


vapor 


At = — 


m 


vapor 


0.754 kg 


^ vapor x^vapor (4.31xlO“ 10 kmol/s)(18 kg/kmol) 


= 9.719x10 7 S 


which is equivalent to 1125 days. Therefore, it will take the water in the pitcher about 3 years to evaporate 
completely. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



14-48 


14-88 A large ammonia tank is vented to the atmosphere. The rate of loss of ammonia and the rate of air 
infiltration into the tank are to be determined. 

Assumptions 1 Ammonia vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid 
ammonia is negligible. 3 Heat is transferred to the ammonia from the surroundings to make up for the latent 
heat of vaporization so that the temperature of ammonia remains constant at 25 °C. 

Properties The molar mass of ammonia is M — 17 kg/kmol, and the molar mass of air is M = 29 kg/kmol 
(Table A-l). The diffusion coefficient of ammonia in air (or air in ammonia) at 1 atm and 25°C is Z) AB =2.6 
xlO' 5 m 2 /s (Table 14-2). 

Analysis This is a typical equimolar counterdiffusion process since the problem involves two large 
reservoirs of ideal gas mixtures connected to each other by a channel, and the concentrations of species in 
each reservoir (the tank and the atmosphere) remain constant. The flow area, which is the cross-sectional 
area of the tube, is 


A = ttD 2 / 4= 4o.015m) 2 /4 = 1.767x10^ m 2 

Noting that the pressure of ammonia is 1 atm = 101.3 kPa at the 
bottom of the tube (x = 0) and 0 at the top (x = L), its molar flow rate 
is determined from Eq. 14-64 to be 

jf = /V _ D AB A P A,o ~ P A,L 

K u I L 

_ (2.6xlCT 5 m 2 /s)(1.767xl0~ 4 m 2 ) (101.3 -0)kPa 
(8.314kPa • m 3 /kmol • K)(298K) 2 m 

= 9.39 x 10 11 kmol/s 

Therefore, the mass flow rate of ammonia through the tube is 
m N h 3 - (A7V/) N h 3 - (9.39 xlO -11 kmol/s)(17 kg/kmol) = 1.60 xlO -9 kg/s 


NH 3 Air 



which corresponds to 0.0504 kg per year. 

Note that N B = —N A during an equimolar counter diffusion process. Therefore, the molar flow 

rate of air into the ammonia tank is equal to the molar flow rate of ammonia out of the tank. Then the mass 
flow rate of air into the pipeline becomes 

ra air =(/VM) air = (-9.39xl0 -1 1 kmol/s)(29 kg/kmol) = -2.72x10 _9 kg/s 
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Mass Convection 

14-89C Mass convection is expressed on a mass basis in an analogous manner to heat transfer as 

^conv — ^mass (P A,s ~ P A,co ) 

• • • • • *2 
where /z mass is the average mass transfer coefficient in m/s, A s is the surface area in m , and 

p A s and p A (XJ are the densities of species A at the surface (on the fluid side) and the free stream, 
respectively. 


14-90C The region of the fluid near the surface in which concentration gradients exist is called the 
concentration boundary layer. In flow over a plate, the thickness of the concentration boundary layer 5 C 
for a species A at a specified location on the surface is defined as the normal distance y from the surface at 
which 


Pa,s Pa 
P A,s Pec 


0.99 


where p As and p A(X) are the densities of species A at the surface (on the fluid side) and the free stream, 
respectively. 


14-91 C The dimensionless Schmidt number is defined as the ratio of momentum diffusivity to mass 
diffusivity Sc = v / D AB , and it represents the relative magnitudes of momentum and mass diffusion at 

molecular level in the velocity and concentration boundary layers, respectively. The Schmidt number 
corresponds to the Prandtl number in heat transfer. A Schmidt number of unity indicates that momentum 
and mass transfer by diffusion are comparable, and velocity and concentration boundary layers almost 
coincide with each other. 


14-92C The dimensionless Sherwood number is defined as Sh = /z mass L/ D AB where L is the 

characteristic length, /z mass is the mass transfer coefficient and D AB is the mass diffusivity. The Sherwood 
number represents the effectiveness of mass convection at the surface, and serves as the dimensionless 
mass transfer coefficient. The Sherwood number corresponds to the Nusselt number in heat transfer. A 
Sherwood number of unity for a plain fluid layer indicates mass transfer by pure diffusion in a fluid. 


14-93C The dimensionless Lewis number is defined as the ratio of thermal diffusivity to mass diffusivity 
(Le = a / D AB ) , and it represents the relative magnitudes of heat and mass diffusion at molecular level in 

the thermal and concentration boundary layers, respectively. A Lewis number of unity indicates that heat 
and mass diffuse at the same rate, and the thermal and concentration boundary layers coincide. 


14-94C Yes, the Grasshof number evaluated using density difference instead of temperature difference can 
also be used in natural convection heat transfer calculations. In natural convection heat transfer, the term 
A p/ p is replaced by J3AT for convenience in calculations. 


14-95C Using the analogy between heat and mass transfer, the mass transfer coefficient can be determined 
from the relations for heat transfer coefficient using the Chilton- Colburn Analogy expressed as 


h 


heat 


h 


= pc 


p 


mass 


'Sc' 2 ' 3 

P'y 


= pc 


P 


a 


\ 2/3 


\D A b j 


= Pc p Le 


2/3 


Once the heat transfer coefficient /z heat is available, the mass transfer coefficient /z heat can be obtained from 
the relation above by substituting the values of the properties. 
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14-96C The molar mass of gasoline (CgHjs) is 1 14 kg/kmol, which is much larger than the molar mass of 
air, which is 29 kg/kmol. Therefore, the gasoline vapor will settle down instead of rising even if it is at a 
much higher temperature than the surrounding air. As a result, the warm mixture of air and gasoline on top 
of an open gasoline will most likely settle down instead of rising in a cooler environment 


14-97C Of the two identical cups of coffee, the one with no sugar will cool much faster than the one with 
plenty of sugar at the bottom. This is because in the case of no sugar, the coffee at the top will cool 
relatively fast and it will settle down while the warmer coffee at the bottom will rise to the top and cool off. 
When there is plenty of sugar at the bottom, however, the warmer coffee at the bottom will be heavier and 
thus it will not rise to the top. The elimination of natural convection currents and limiting heat transfer in 
water to conduction only will slow down the heat loss from the coffee considerably. In solar ponds, the rise 
of warm water at the bottom to the top is prevented by planting salt to the bottom of the pond. 


14-98C The normalized velocity, thermal, and concentration boundary layers coincide during flow over a 
plate when the molecular diffusivity of momentum, heat, and mass are identical. That is, v = a = D AB or 
Pr = Sc = Le = 1. 


14-99C The relation/Re / 2= Nu = Sh is known as the Reynolds analogy. It is valid under the conditions 
that the Prandtl, Schmidt, and Lewis numbers are equal to units. That is, v = a = D AB or Pr = Sc = Le = 1. 

Reynolds analogy enables us to determine the seemingly unrelated friction, heat transfer, and mass transfer 
coefficients when only one of them is known or measured. 

14-100C The relation// 2 = St Pr 2/3 = St mflW Sc 2/3 is known as the Chilton- Colburn analogy. Here St is the 
Stanton number, Pr is the Prandtl number, St mass is the Stanton number in mass transfer, and Sc is the 
Schmidt number. The relation is valid for 0.6 < Pr < 60 and 0.6 < Sc < 3000. Its importance in engineering 
is that Chilton-Colburn analogy enables us to determine the seemingly unrelated friction, heat transfer, and 
mass transfer coefficients when only one of them is known or measured. 


14-101C The relation h heat = p c p h mass is the result of the Lewis number Le = 1, and is known as the Lewis 
relation. It is valid for air-water vapor mixtures in the temperature range encountered in heating and air- 
conditioning applications. The Lewis relation is commonly used in air-conditioning practice. It asserts that 
the wet-bulb and adiabatic saturation temperatures of moist air are nearly identical. The Lewis relation can 
be used for heat and mass transfer in turbulent flow even when the Lewis number is not unity. 


14-102C A convection mass transfer is referred to as the low mass flux when the flow rate of species 
undergoing mass flow is low relative to the total flow rate of the liquid or gas mixture so that the mass 
transfer between the fluid and the surface does not affect the flow velocity. The evaporation of water into 
air from lakes, rivers, etc. can be treated as a low mass-flux process since the mass fraction of water vapor 
in the air in such cases is just a few percent. 
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14-103 A wet flat plate is dried by blowing air over it. The mass transfer coefficient is to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
specified temperature of 40°C and 1 atm, for which (Table A- 15) 

v = 1.702xlCT 5 m 2 /s 


Analysis The mass diffusivity of water vapor in 
air at 313 K is determined from Eq. 14-15 to be 

D AB ~ ^H 2 0-air 

j 2.072 

= 1.87xl(T 10 

= 1.87xlO- lo (313K)2 ° 72 

1 atm 

= 2.77 x 1CT 5 m 2 /s 
The Reynolds number of the flow is 

R e = — - .734.400 

V 1.702xl0~ 5 m'/s 



which is greater than 500,000, and thus we have combined laminar and turbulent flow. The Schmidt 
number in this case is 


v _ 1.702xl(T 5 m 2 /s 
D ab 2.77xl(T 5 m 2 /s 


0.614 


Therefore, the Sherwood number in this case is determined using the analogy between the heat and mass 
transfer to be 

Sh = (0.037 Re 0 ' 8 - 871 )Sc 1/3 = (0.037 x 734, 400°' 8 -871)(0.614) 1/3 =809.7 


Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


h 


Sh D ab (809.7)(2.77x 10~ 5 m 2 /s) 


mass 


L 


5m 


= 0.00449 m/s 
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14-104E The liquid layer on the inner surface of a circular pipe is dried by blowing air through it. The mass 
transfer coefficient is to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 540 R). 2 The flow is 
fully developed. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
specified temperature of 540 R and 1 atm, for which v = 1.697 x 10 ft /s (Table A-15E). The mass 
diffusivity of water vapor in air at 540 R is determined from Eq. 14-15 to be 


Dab=D Hi o-air =1-87x10 


= 1.87x10 


40 (540/1.8) 


= 2.54xl0~ 5 m 2 /s 


= 2.73 xl0~ 4 ft 2 / s 


The Reynolds number of the flow is 
„ VD (6 ft/s)(0.7/12 ft) 


Re = 


1.697 xlO -4 ft 2/s 


= 2062 


Wet pipe 


Air, 540 R 
1 atm, 6 ft/s 


which is less than 2300 and thus the flow is laminar. Therefore, based on the analogy between heat and 
mass transfer, the Nusselt and the Sherwood numbers in this case are Nu = Sh = 3.66. Using the definition 
of Sherwood number, the mass transfer coefficient is determined to be 


ShP AB (3.66)(2.73xlQ~ 4 ft 2 /s) 
D ~ 0.7/ 1 2ft 


= 0.017ft/s 


Discussion The mass transfer rate (or the evaporation rate) in this case can be determined by defining 
logarithmic mean concentration difference in an analogous manner to the logarithmic mean temperature 
difference. 
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14-105 Air is blown over a body covered with a layer of naphthalene, and the rate of sublimation is 
measured. The heat transfer coefficient under the same flow conditions over the same geometry is to be 
determined. 

Assumptions 1 The concentration of naphthalene in the air is very small, and the low mass flux conditions 
exist so that the Chilton-Colburn analogy between heat and mass transfer is applicable (will be verified). 2 
Both air and naphthalene vapor are ideal gases. 

Properties The molar mass of naphthalene is 128.2 kg/kmol. Because of low mass flux conditions, we can 
use dry air properties for the mixture at the specified temperature of 25 °C and 1 atm, at which 

/? = 1.1 84 kg/m 3 , c p = 1007 J/kg-K, and a = 2.141 xl(T 5 m 2 /s (Table A-15). 


Analysis The incoming air is free of naphthalene, and thus the mass fraction of naphthalene at free stream 
conditions is zero, w A ,oo = 0. Noting that the vapor pressure of naphthalene at the surface is 1 1 Pa, the 
surface mass fraction is determined to be 


Pa,s 

[ ma ] 

1 IPa 

^128.2kg/kmol" 

p 

M • 

V air / 

~ 101,325 Pa 

v 29 kg/kmol y 


4.8xlCT 4 


which confirms that the low mass flux 
approximation is valid. The rate of 
evaporation of naphthalene in this case is 


m 


evap 


m 0.1kg 
At ~ (45 x 60s) 


3.703 xlCT 5 kg/s 


Then the mass convection coefficient becomes 


Air 

25°C 

1 atm 

2 m/s 


h 


mass 


m _ 3.703xl0~ 5 kg/s 

pMw A s -w Aj00 ) (1.184kg/m 3 )(0.75m 2 )(4.8xl0~ 4 - 



— = 0.0869 m/s 

0 ) 


Using the analogy between heat and mass transfer, the average heat transfer coefficient is determined from 
Eq. 14-89 to be 


/! heat =PC„h 


a 


\ 2/3 


p mass 


D 


AB J 


= (l. 184 kg/m 3 )(l007 J/kg.K)(0.0869m/s)f 


, ? 2/3 

2.141xl0~ 5 m 2 /s 

^5 


^ 0.61x10"" m 2 /s 


= 239W/m 2 °C 

Discussion Naphthalene has been commonly used in heat transfer studies to determine convection heat 
transfer coefficients because of the convenience it offers. 
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14-106 The liquid layer on the inner surface of a circular pipe is dried by blowing air through it. The mass 
transfer coefficient is to be determined. 


Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The flow is 
fully developed. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
specified temperature of 15°C and 1 atm, for which v = 1.47 x 10 m /s (Table A- 15). The mass 
diffusivity of water vapor in air at 288 K is determined from Eq. 14-15 to be 


D AB ~^H 2 0-air -1-87x10 


-10 


T 


2.072 


= 1.87x10' 


-10 


(288 K) 


2.072 


1 


P 


= 2.33xicr 5 m 2 /s 



Wet pipe 


Analysis The Reynolds number of the flow is 
VD (3 m/s)(0.15m) 


Room, 15°C 


^ Air, 15°C 
1 atm, 3 m/s 


Re = 


v 1.47 xl0~ 5 m 2 /s 


= 30,612 


which is greater than 10,000 and thus the flow is turbulent. The Schmidt number in this case is 
v 


Sc = 


1.47xl0 -5 m 2 /s 


D 


AB 


2.33xl0 -5 m 2 /s 


= 0.631 


Therefore, the Sherwood number in this case is determined from Table 14-13 to be 
Sh =0.023 Re 0 ' 8 Sc 04 = 0.023(30,612)°' 8 (0.63l) 04 =74.2 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


h 


Sh D ab (74.2X2.33 x 10~ 5 m 2 /s) 


mass 


D 


0.15m 


= 0.0115m/s 
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14-107 EES Prob. 14-106 is reconsidered. The mass transfer coefficient as a function of the air velocity is 
to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.1 5 [m] 

L=1 0 [m] 

P=1 01 .3 [kPa] 

T=1 5+273 “[K]" 

Vel=3 [m/s] 

"PROPERTIES" 

Fluid$='air' 

rho=Density(Fluid$, T=T, P=P) 
mu=Viscosity(Fluid$, T=T) 
nu=mu/rho 

D_AB=1 .87E-1 0*T A 2.072/(P*Convert(kPa, atm)) "from the text" 

"ANALYSIS" 

Re=Vel*D/nu 

"Re is calculated to be greater than 1 0,000, and thus the flow is turbulent." 
Sc=nu/D_AB 
Sh=0.023*Re A 0.8*Sc A 0.4 
h mass=Sh*D AB/D 



Vel [m/s] 

hmass [m/s] 

1 

0.00479 

1.5 

0.006625 

2 

0.00834 

2.5 

0.00997 

3 

0.01154 

3.5 

0.01305 

4 

0.01452 

4.5 

0.01595 

5 

0.01736 

5.5 

0.01873 

6 

0.02008 

6.5 

0.02141 

7 

0.02272 

7.5 

0.02401 

8 

0.02528 
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14-108 A wet flat plate is dried by blowing air over it. The mass transfer coefficient is to be determined. 
Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
specified temperature of 15°C and 85 kPa = 85/101.325 = 0.839 atm, for which (Table A- 15) 

v = v latm / P(atm) = (1.47 xlCT 5 m 2 /s)/0.839atm = 1.75xl0 -5 m 2 /s 

Analysis The mass diffusivity of water vapor in 
air at 288 K is determined from Eq. 14-15 to be 


D AB ~ ^H 2 0-air 


= 1.87x10' 


= 1.87x10' 


-10 


T 


2.072 


P 


-io (288 K) 


2.072 


0.839 atm 


= 2.78xl(T 5 m 2 / s 


The Reynolds number of the flow is 


Re = 


VL (3 m/s) (2 m) 


= 342,857 



V 1.75xl(T 5 m 2 /s 

which is less than 500,000, and thus the flow is laminar. The Schmidt number in this case is 
v 


Sc = 


1.75xl0 -5 m 2 /s 


D 


AB 


2.78xl0 -5 m 2 /s 


= 0.629 


Therefore, the Sherwood number in this case is determined from Table 14-13 to be 
Sh =0.664 Re 05 Sc 1/3 = 0.664(342,857)°' 5 (0.629) 1/3 =333.1 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 
Sh D ab (333.1)(2.78x 10~ 5 m 2 /s) 


h 


mass 


L 


2m 


= 0.00463 m/s 
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14-109 A wet concrete patio is to be dried by winds. The time it takes for the patio to dry is to be 
determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 3 Water is at the same temperature as air. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
specified temperature of 15°C and 1 atm, for which v = 1.47x10 ~ m /s and p = 1.225 kg/nr (Table A- 

15). The saturation pressure of water at 15°C is 1.705 kPa. The mass diffusivity of water vapor in air at 
15°C = 288 K is determined from Eq. 14-15 to be 


Dab ~ ^H-,o-air -1-87x10 


-10 


T 


2.072 


P 


= 1.87x10 


-io (288 K) 


2.072 


1 atm 


= 2.33xl(T 5 m 2 /s 


Analysis The Reynolds number of the flow is 
VL (50 km/h) (5 m) ( lm/s 


Re = 


v 


1.47 xlCT 5 m 2 /s 


3.6 km/h 


which is more than 500,000, and thus the flow is 
turbulent over most of the surface. The Schmidt 
number in this case is 


Sc = 


v 1.47xlCT 5 m 2 /s 


D 


ab 2.33xl0~ 5 m 2 /s 


= 0.631 


= 4.724 xlO 6 

Dry air 
15°C 
1 atm 
50 km/h 
35% RH 


Water film Evaporation 


Therefore, the Sherwood number in this 
case is determined from Table 14-13 to be 


Sh =0.037 Re 08 Sc 1/3 


= 0.037(4. 724x10 6 )°' 8 (0.631) 1,j =6934 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


1/3 



h 


mass 


Sh D 
L 


(6934)(2.33xlQ~ 5 m z /s) 
5m 


AB 


= 0.0323m/s 


Noting that the air at the water surface will be saturated and that the saturation pressure of water at 15°C is 
1.705 kPa, the mass fraction of water vapor in the air at the surface and at the free stream conditions are, 
fromEq. 14-10, 


M 


™A,s = yA.s 


A 


M 


Psa , M a 


P M air 


(l.705kPa) f 18kg/kmof 
101.325kPa(29kg/kmol, 


0.01044 


w 


a, co y A, 


oo 


M 


M air 


<t>P Sat M A 

P M air 


(0.35)(l.705kPa)f 18kg/kmol 2 
101.325kPa (29kg/kmol y 


0.003655 


Then the rate of mass transfer to the air becomes 


^evap. ^mass P^(Wa,s ^U,oo) 

= (0.0323 m/s)(l .225 kg/m 3 )(5mx5 m)(0.0 1 044 - 0.003655) 

= 0.00671 kg/s 

The total mass of water on the concrete patio is 

m water = pV = (l000kg/m 3 )(5 mx5 mx0.3xl0 -3 m) = 7.5 kg 
Then the time required to evaporate the water on the concrete patio becomes 

Af = = = 1118 s = 18.6 min 

m evap 0.0067 lkg/s 
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14-1 10E A spherical naphthalene ball is suspended in a room where it is subjected to forced air flow. The 
average mass transfer coefficient between the naphthalene and the air is to be determined. 

Assumptions 1 The concentration of naphthalene in the air is very small, and the low mass flux conditions 
exist so that the Chilton-Colburn analogy between heat and mass transfer is applicable (will be verified). 2 
Both air and naphthalene vapor are ideal gases. 3 Both the ball and the room are at the same temperature. 

Properties The Schmidt number of naphthalene in air at room temperature is given to be 2.35. Because of 
low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of 80°F 
and 1 atm from Table A-15E, 

k= 0.01481 Btu/h.ft.°F 

// = 1.247xl0 -5 lbm/ft.s 

v = 1.697xl0" 4 ft 2 /s 
Pr = 0.7290 

Analysis Noting that the Schmidt number for naphthalene in air is 2.35, the mass diffusivity of naphthalene 
in air is determined from 


Sc = 


v 

D ab 





1.697xl0 -4 ft 2 /s 
~2~35 


7.22xl0 -5 ft 2 /s 


The Reynolds number of the flow is 


„ VD (15ft/s)(2/12ft) 

Re = = — — A — - = 14,732 

v (1. 697x1 0 -4 ft 2 /s) 


Noting that ju^ = ju s for air in this case since the air and the 

ball are assumed to be at the same temperature, the Sherwood 
number can be determined from the forced heat convection 
relation for a sphere by replacing Pr by the Sc number to be 


Sh = /WD =2 + 


D 


0.4 Re 1/2 + 0.06 Re 2/3 Sc 041 ^ 


\ 1/4 


00 


AB 


= 2+ 0.4(14, 732) 1/2 +0.06(14,732) 2/3 ](2.35) a 
=121 


Ms ) 

4 


Air 
80°F 
1 atm 
15 ft/s 



Then the mass transfer coefficient becomes 
h 


Sh D ab (121)(7.22xlCT 5 ft 2 /s) 


mass 


D 


(2/12) ft 


= 0.0524 ft/s 


Discussion Note that the Nusselt number relations in heat transfer can be used to determine the Sherwood 
number in mass transfer by replacing Prandtl number by the Schmidt number. 
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14-111 A raindrop is falling freely in atmospheric air. The terminal velocity of the raindrop at which the 
drag force equals the weight of the drop and the average mass transfer coefficient are to be determined. 
Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The raindrop 
is spherical in shape. 3 The reduction in the diameter of the raindrop due to evaporation when the terminal 
velocity is reached is negligible. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture. The 
properties of air at 1 atm and the free-stream temperature of 25°C (and the dynamic viscosity at the surface 
temperature of 9°C) are (Table A- 15) 

p = 1.184 kg/m 3 Moo =1.849xl(T 5 kg/m.s 

v = 1.562xl0~ 5 m 2 /s c =1-759x10 5 kg/m.s 


At 1 atm and the film temperature of (25+9)/2 = 17°C = 290 K, the kinematic viscosity of air is, from Table 
A- 15, v = 1.488x10 m /s, while the mass diffusivity of water vapor in air is, Eq. 14-15, 


Dab -^H 2 o-air -1-87x10 


-10 


T 


2.072 


= 1.87 x 10 


-io (290 K) 


2.072 


= 2.37 xlO -5 m 2 /s 


P latm 

Analysis The weight of the raindrop before any evaporation occurs is 


F d = mg = pi/g = (1000 kg/m 3 ) 


^■(0.003 m) 


The drag force is determined from F D = C D A 


pu 


oo 


N 


2 


(9.8 m/s 2 ) = 1.38 xlO -4 N 


where drag 


coefficient C D is to be determined using Fig. 10-20 which requires the 

Reynolds number. Since we do not know the velocity we cannot determine 
the Reynolds number. Therefore, the solution requires a trial-error approach. 
We choose a velocity and perform calculations to obtain the drag force. After 
a couple trial we choose a velocity of 8 m/s. Then the Reynolds number 
becomes 

VD (8m/s)(0.003m) 


Air 
25°C 
1 atm 



Re = 


v 


1.562xl0~ 5 m 2 /s 


= 1536 


The corresponding drag coefficient from Fig. 7-17 is 0.5. Then, 


* 


D d ~ Cd An 


pu 


00 


= (0.5) 


^■(0.003 m) 


(1.184 kg/m 3 )(8 m/s) 2 
2 


= 1.34x10 


-4 


which is sufficiently close to the value calculated before. Therefore, the terminal velocity of the raindrop is 
V = 8 m/s. The Schmidt number is 


Sc = 


v 1.488xl0~ 5 m 2 /s 


D 


ab 2.37 xlCT 5 m 2 /s 


= 0.628 


Then the Sherwood number can be determined from the forced heat convection relation for a sphere by 
replacing Pr by the Sc number to be 


sh _ KnasJ^_ = 2 + 


D 


0.4 Re 1/2 + 0.06 Re 2/3 




1/4 


0.4 A 


00 


AB 


A 


s J 


= 2 + 


0.4(l536) 1/2 + 0.06(l 536) 2/ 3 ](0.628)° 4 


1.849x10 

1.759x10 


-5 ^ 


-5 


1/4 


= 21.9 

Then the mass transfer coefficient becomes 


, Sh D ab (21.9)(2.37x 10~ 5 m 2 /s) ; 

^mass = = = °- 173 m/s 


D 


0.003m 
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14-112 Wet steel plates are to be dried by blowing air parallel to their surfaces. The rate of evaporation 
from both sides of a plate is to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 3 The plates are far enough from each other so that 
they can be treated as flat plates. 4 The air is dry so that the amount of moisture in the air is negligible. 


Properties The molar masses of air and water are M = 29 and M— 18 kg/kmol, respectively (Table A-l). 


Because of low mass flux conditions, we can use dry air 
properties for the mixture. The properties of the air at 1 atm and 
at the film temperature of (15 + 25) = 20°C are (Table A- 15) 

v = 1.516xl0" 5 m 2 /s 

p = 1 .204 kg /m 3 

c p = 1007 J/kgK 

Pr = 0.7309 

The saturation pressure of water at 15°C is 1.705 kPa 
(Table A-9). The mass diffusivity of water vapor in air 
at 20°C = 293 K is determined from Eq. 14-15 to be 


Air 
25°C 
4 m/s 


Brass 

plate 

15°C 


k k k k 


D AB ~ ^HoO-air -1-87x10 


-10 


T 


2.072 


P 


= 1.87x10 


-10 


(293 K) 


2.072 


latm 


= 2.42x1 0~ 5 m 2 /s 


Analysis The Reynolds number for flow over the flat plate is 

Re = ^ = ( 4m /s)(0.4m) =105540 

V 1.516xl0 -5 m 2 /s 

which is less than 500,000, and thus the air flow is laminar over the entire plate. The Schmidt number in 
this case is 


Sc = 


v 1. 516x1 0~ 5 m 2 /s 


D 


ab 2.42x10 5 m 2 /s 


= 0.626 


Therefore, the Sherwood number in this case is determined from Table 14-13 to be 
Sh = 0.664 Re L 05 Sc 1/3 = 0.664(l05.540)°' 5 (0.626) 1/3 =184.5 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


, Sh D ab (184.5)(2.42x 10~ 5 m 2 /s) , 

/j mass = = = 0-01 12 m/s 


L 


0.4m 


Noting that the air at the water surface will be saturated and that the saturation pressure 
1.705 kPa, the mass fraction of water vapor in the air at the surface of the plate is, from 


M 


w 


A, s y A, i 


A 


P sa , M a (l.705kPa) 


M 


P M 


cur 


101.325kPa 


r 18 kg/kmol x 
29 kg/kmol 


= 0.01044 


of water at 15°C is 
Eq. 14-10, 


and w Aoo = 0 

Then the rate of mass transfer to the air becomes 

^evap. — ^mass P^^A,s ~ ^A,cc) 

= (0.01 12 m/s)(1.204kg/m 3 )(2 x 0.4 mx0.4m)(0.0 1044^0) 

= 4.51 x10“ 5 kg/s 

Discussion This is the upper limit for the evaporation rate since the air is assumed to be completely dry. 
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14-1 13E Air is blown over a square pan filled with water. The rate of evaporation of water and the rate of 
heat transfer to the pan to maintain the water temperature constant are to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 80°F). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 3 Water is at the same temperature as the air. 

Properties The molar masses of air and water are M -29 and M - 18 lbm/lbmol, respectively (Table A- 
1E). Because of low mass flux conditions, we can use dry air properties for the mixture at the specified 
temperature of 80°F and 1 atm, for which v = 1.697 x 10~ 4 ft 2 /s, and p = 0.0735 lbm/ft 3 (Table A-15E). The 
saturation pressure of water at 80°F is 0.5073 psia, and the heat of vaporization is 1048 Btu/lbm. The mass 
diffusivity of water vapor in air at 80°F = 540 R = 300 K is determined from Eq. 14-15 to be 

y 2.072 (300K) 2 ' 072 

D ab = d h o-air = 1.87xl(T 10 = 1.87xl(T 10 - = 2.54xl(T 5 m 2 /s = 2.734xl(T 4 ft 2 /s 

2 P 1 atm 


Analysis The Reynolds number for flow over the free surface is 


Re = 



v 


(10 ft/s)(15 / 12 ft) 
1.697 xl0“ 4 ft 2 /s 


= 73,660 


which is less than 500,000, and thus the 
flow is laminar over the entire surface. The 
Schmidt number in this case is 


v _ 1.697x10^ ft 2 /s 
D ab 2.734x1 (T 4 ft 2 /s 


0.6207 


Air 
80°F 
1 atm 
10 ft/s 
30% RH 


Therefore, the Sherwood number in this 
case is determined from Table 14-13 to be 


Sh = 0.664 Re L 05 Sc 1/3 = 0.664(73,660)°' 5 (0.6207) 1/3 =153.7 


► 


Saturated Evaporation 


air 


Water 

80°F 


Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


, Sh D ab (153.7)(2.734x 10 -4 ft 2 /s) 

h m ass = = = 0.0336 ft/s 


L 


15/12 ft 


Noting that the air at the water surface will be saturated and that the saturation pressure of water at 80°F is 
0.5073 psia (= 0.0345 atm), the mass fraction of water vapor in the air at the surface and at the free stream 
conditions are, fromEq. 14-10, 


M 


™a,s = y>A, s 


A 


^sat M A 


M 


P M 


cur 


(0.3X0.5073 psia) 
14.7 psia 


^ 18 lbm/lbmol 2 
v 29 lbm/lbmol y 


0.00643 


M A &P \at M a (1 .0)(0. 5073 psia) f 18 lbm/lbmol 2 

M air P M air 14.7 psia 1^29 lbm/lbmol y 


0.02142 


Then the rate of mass transfer to the air becomes 

Wevap = fcmass PA{ w a,s ~ w a,o o) = (0.0336 ft/s)(o.074 lbm/ft 3 )l5/ 12 ft) 2 (0.02142- 0.00642)= 5.83x1 (T 5 Ibm/s 


Noting that the latent heat of vaporization of water at 80°F is hj g = 1048 Btu/ lbm, the required rate of heat 
supply to the water to maintain its temperature constant is 

Q = m evap h fg = (5.83xl0~ 5 lbm/s)(1048 Btu/lbm) =0.061 1 Btu/s = 220 Btu/h 


Discussion If no heat is supplied to the pan, the heat of vaporization of water will come from the water, and 
thus the water temperature will have to drop below the air temperature. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




14-62 


14-1 14E Air is blown over a square pan filled with water. The rate of evaporation of water and the rate of 
heat transfer to the pan to maintain the water temperature constant are to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 60°F). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 3 Water is at the same temperature as air. 

Properties The molar masses of air and water are M -29 and M - 18 lbm/lbmol, respectively (Table A- 
1E). Because of low mass flux conditions, we can use dry air properties for the mixture at the specified 
temperature of 60°F and 1 atm, for which v = 1.588 x 10~ 4 ft 2 /s, and p = 0.07633 lbm / ft 3 (Table A-15E). 
The saturation pressure of water at 60°F is 0.2563 psia, and the heat of vaporization is 1060 Btu/lbm. The 
mass diffusivity of water vapor in air at 60°F = 520 R = 288.9 K is determined from Eq. 14-15 to be 

y 2.072 (288 9K) 2 ' 072 

D ab = d h o-air = 1-87 x 10“ 10 = 1 .87 X 1(T 10 - = 2.35x1 (T 5 m 2 /s = 2.53 x 1(T 4 ft 2 /s 

2 P latm 


Analysis The Reynolds number for flow over the free surface is 


Re = 



v 


(10ft/s)(15/12ft) =78 7i5 
1.588x 10 -4 ft 2 /s 


which is less than 500,000, and thus the 
flow is laminar over the entire surface. 
The Schmidt number in this case is 


Sc = 



1.588x10^ ft 2 /s 
2.53x1 (T 4 ft 2 /s 


0.6277 


Air 
60°F 
1 atm 
10 ft/s 
30% RH 


Therefore, the Sherwood number in this case 
is determined from Table 14-13 to be 

Sh = 0.664 Re L 05 Sc 1/3 = 0.664(78,715)°' 5 (0.6277 ) 1/3 =159.5 



Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


= Sh^_ = (159.5X2.53x10 4 ft 2 /s) = ^ ^ 

Illaaa 


L 


15/12 ft 


Noting that the air at the water surface will be saturated and that the saturation pressure of water at 60°F is 
0.2563 psia, the mass fraction of water vapor in the air at the surface and at the free stream conditions are, 
fromEq. 14-10, 


M 


™A,s = yA, s 


A 


M 


^sat M A 

P M air 


(0.3X0.2563 psia) 
14.7 psia 


^ 18 lbm/lbmol 3 
v 29 lbm/lbmol y 


0.00325 


M A &P \at M a (1 .0)(0. 2563 psia) f 18 lbm/lbmol 3 

M air P M air 14.7 psia 1^29 lbm/lbmol y 


0.01082 


Then the rate of mass transfer to the air becomes 

m ev ap = Vass P a { w a, s - w a.J = (0.0323 ft/s)(o.07633 lbm/ft 3 )(l5/12 ft) 2 (0.0 1082- 0.00325) = 2.82x10 5 lbm/s 


Noting that the latent heat of vaporization of water at 60°F is hj g = 1060 Btu/ lbm, the required rate of heat 
supply to the water to maintain its temperature constant is 

Q = m eV ap hjo = (2.82xl0~ 5 lbm/s)(l 060 Btu/lbm) =0.0299 Btu/s = 108 Btu/h 

Discussion If no heat is supplied to the pan, the heat of vaporization of water will come from the water, and 
thus the water temperature will have to drop below the air temperature. 
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Simultaneous Heat and Mass Transfer 

14-1 15C In steady operation, the mass transfer process does not have to involve heat transfer. However, a 
mass transfer process that involves phase change (evaporation, sublimation, condensation, melting etc.) 
must involve heat transfer. For example, the evaporation of water from a lake into air (mass transfer) 
requires the transfer of latent heat of water at a specified temperature to the liquid water at the surface (heat 
transfer). 


14-1 16C It is possible for a shallow body of water to freeze during a cool and dry night even when the 
ambient air and surrounding surface temperatures never drop to 0°C. This is because when the air is not 
saturated (0< 100 percent), there will be a difference between the concentration of water vapor at the 
water-air interface (which is always saturated) and some distance above it. Concentration difference is the 
driving force for mass transfer, and thus this concentration difference will drive the water into the air. But 
the water must vaporize first, and it must absorb the latent heat of vaporization from the water. The 
temperature of water near the surface must drop as a result of the sensible heat loss, possibly below the 
freezing point. 


14-1 17C During evaporation from a water body to air, the latent heat of vaporization will be equal to 
convection heat transfer from the air when conduction from the lower parts of the water body to the surface 
is negligible, and temperature of the surrounding surfaces is at about the temperature of the water surface so 
that the radiation heat transfer is negligible. 
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14-118 Air is blown over a jug made of porous clay to cool it by simultaneous heat and mass transfer. The 
temperature of the water in the jug when steady conditions are reached is to be determined. 

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and 
mass transfer is applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated 
air at 300 K). 2 Both air and water vapor at specified conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 Radiation effects are negligible. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
average temperature of (T^ +T S )/ 2 which cannot be determined at this point because of the unknown 

surface temperature T s . We know that T s < T w and, for the purpose of property evaluation, we take T s to be 

20°C. Then, the properties of water at 20°C and the properties of dry air at the average temperature of 25 °C 
and 1 atm are (Tables A-9 and A- 15) 

Water at 20°C : h fg = 2454 kJ/kg, P v = 2.34 kPa. Also, at 30°C, P sat @ 30 o C = 4.25 kPa 
Dry air at 25 °C : c p = 1.007 kJ/kg -°C, « = 2.141xl(T 5 m 2 /s 


Also, the mass diffusivity of water vapor in air at 25°C is Z) Ho 0 -air = 2-50 x 10 m / s (Table 14-4), and 
the molar masses of water and air are 18 and 29 kg/kmol, respectively (Table A-l). 

Analysis The surface temperature of the jug can be determined by rearranging Chilton-Colburn equation as 


rr hfg P\,, Py t CO 

* 00 c p Le 213 M P 

where the Lewis number is 

a 2.14M0 -5 m 2 /s Hot dry air 

Le = = — - — = 0.856 

D ab 2.50x 10 -5 m 2 /s 30 c 

35% RH 

Note that we could take the Lewis number to be 
1 for simplicity, but we chose to incorporate it 
for better accuracy. 

The air at the surface is saturated, and thus the vapor 
pressure at the surface is simply the saturation pressure of 
water at the surface temperature (2.34 kPa). The vapor pressure 
of air far from the surface is determined from 



Py,co — ^sat@r K — (0.35)P sat @3o o c — (0.35)(4.25 kPa) — 1.488 kPa 


Noting that the atmospheric pressure is 1 atm = 101.3 Pa, substituting the known quantities gives 


T s = 30°C 


2454 kJ/kg 1 8 kg/kmol (2.34 - 1 .488) kPa 

(1.007 kJ/kg.°C) (0.856) 2/3 29 kg/kmol 101.3 kPa 


15.9°C 


Therefore, the temperature of the drink can be lowered to 15.9°C by this process. 

Discussion The accuracy of this result can be improved by repeating the calculations with dry air properties 
evaluated at (30+16)/2 = 18°C and water properties at 16.0°C. But the improvement will be minor. 
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14-119 EES Prob. 14-118 is reconsidered. The water temperature as a function of the relative humidity of 
air is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

P=1 01 .3 [kPa] 

T_infinity=30 [C] 
phi=0.35 

"PROPERTIES" 

Fluid$='steam_IAPWS' 
h_f=enthalpy(Fluid$, T=T_s, x=0) 
h_g=enthalpy(Fluid$, T=T_s, x=1) 
h_f g = h_g - h_f 

P_sat_s=Pressure(Fluid$, T=T_s, x=0) 

P_satJnfinity=Pressure(Fluid$, T=T_infinity, x=0) 

C„p_air=CP(air, T=T_ave) 

T_ave=1/2*(T_infinity+T_s) 
alpha=2.18E-5 [m A 2/s] "from the text" 

D_AB=2.50E-5 [m A 2/s] "from the text" 

MM H20=molarmass(H20) 

MM_air=molarmass(air) 

"ANALYSIS" 

Le=alpha/D_AB 

P_vinfinity=phi*P_sat infinity 

P_v_s=P_sat_s 

T_s=T_infinity-h_fg/(C_p_air*Le A (2/3))*MM_H20/MM_air*(P_v_s-P_v_infinity)/P 


<!> 

T s [C] 

0.1 

12.72 

0.15 

14.05 

0.2 

15.32 

0.25 

16.53 

0.3 

17.68 

0.35 

18.79 

0.4 

19.85 

0.45 

20.87 

0.5 

21.85 

0.55 

22.8 

0.6 

23.71 

0.65 

24.58 

0.7 

25.43 

0.75 

26.25 

0.8 

27.05 

0.85 

27.82 

0.9 

28.57 

0.95 

29.29 

1 

30 
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14-120E In a hot summer day, a bottle of drink is to be cooled by wrapping it in a wet cloth, and blowing 
air to it. The temperature of the drink in the bottle when steady conditions are reached is to be determined. 
Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and 
mass transfer is applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated 
air at 80°F). 2 Both air and water vapor at specified conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 Radiation effects are negligible. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
average temperature of (7^ + T s ) / 2 which cannot be determined at this point because of the unknown 

surface temperature T s . We know that T s < T ^ and, for the purpose of property evaluation, we take T s to be 

60°F. Then the properties of water at 60°F and the properties of dry air at the average temperature of 
(60+80)/2 = 70°F and 1 atm are (Tables A-9E and A-15E) 

Water at 60°F : h^ g = 1060 Btu/lbm, P v = 0.2563 psia. Also, at 80°F, P sat @ 80 o F = 0.5073 psia 
Dry air at 70°F : c p =0.24 Btu/lbm -°F, a = 0.8093 ft 2 /h = 2.25xl0“ 4 ft 2 /s 


Also, the molar masses of water and air are 18 and 29 lbm/lbmol, respectively (Table A- IE), and the mass 
diffusivity of water vapor in air at 70°F (= 294.4 K) is 


2.072 


l2.072 


D ab =z Vo-air = L87xlO" 10 - = 1.87xl0~ 10 ( 294 : 4K ) = 2.44 x 10~ 5 m 2 /s = 2.63x1 0~ 4 ft 2 /s 


P 


latm 


Analysis The surface temperature of the jug can be determined by rearranging Chilton-Colburn equation as 


T =T 

S OO 


h 


fg 


M v P v , s - P Vt0 o 


c /;Le 


2/3 


M 


P 


where the Lewis number is 


Le = 



2 - 25xl0 ; 4ft ; /s =o.856 
2.63xl0 -4 ft 2 /s 


Note that we could take the Lewis number 
to be 1 for simplicity, but we chose to 
incorporate it for better accuracy. 


Air 
80°F 
30% RH 


The air at the surface is saturated, and thus the vapor 
pressure at the surface is simply the saturation pressure of water at 
the surface temperature (0.2563 psia). The vapor pressure of air 
far from the surface is determined from 


-► 

-► 

-► 

► 


P v ,ao =^sat @r„ = (0.3)P sat@80 =F = (0.3)(0.5073psia) = 0.152psia 


Wrapped 



Noting that the atmospheric pressure is 1 atm =14.7 psia, substituting the known quantities gives 


T s = 80°F 


1060 Btu/lbm 


f 


(0.24Btu/lbm.°F)(0.856) 


2/3 


18 lbm/lbmol 
29 lbm/lbmol 


(0.2563 -0.152)psia _ 


14.7psia 


= 58.4° F 


Therefore, the temperature of the drink can be lowered to 58.4°F by this process. 

Discussion Note that the value obtained is very close to the assumed value of 60°F for the surface 
temperature. Therefore, there is no need to repeat the calculations with properties at the new surface 
temperature of 58.4°F 
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14-121 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of 
heat loss from the top and side surfaces of the bath by radiation, natural convection, and evaporation as well 
as the rates of heat and water mass that need to be supplied to the water are to be determined. 

Assumptions 1 The low mass flux conditions exist 

so that the Chilton-Colbum analogy between heat 

and mass transfer is applicable since the mass Air, 25 °C 

fraction of vapor in the air is low (about 2 percent 1 atm g cv i Q nd Q c on v 

for saturated air at 300 K). 2 Both air and water 50% 

vapor at specified conditions are ideal gases (the 
error involved in this assumption is less than 1 
percent). 3 The entire water body and the metal 
container are maintained at a uniform temperature 
of 55 °C. 4 Heat losses from the bottom surface are 
negligible. 5 The air motion around the bath is 
negligible so that there are no forced convection 
effects. 

Properties The air-water vapor mixture is assumed to be 
dilute, and thus we can use dry air properties for the 
mixture at the average temperature of (T^ + T s ) / 2 = 

(25+55)/2 = 40°C. The properties of dry air at 40°C and 
1 atm are, from Table A- 15, 

k = 0.02662 W/m • °C, Pr = 0.7255 

a = 2.346x1 (T 5 m 2 /s v = 1.700 x 10“ 5 m 2 /s 

The mass diffusivity of water vapor in air at the average temperature of 313 K is determined from Eq. 14- 
15 to be 

y 2.072 (313 k) 2072 

d ab = d ho air = 1.87xlO -10 = 1.87xlO“ 10 ' = 2.77xlCT 5 m 2 /s 

2 P latm 

The saturation pressure of water at 25°C is P sa t@ 25 °c = 3.169 kPa. Properties of water at 55°C are 

hj g = 2371kJ/kg and P v - 15.76 kPa (Table A-9). The specific heat of water at the average temperature of 

(15+55)72 = 35°C is c p = 4.178 kJ/kg.°C. 

The gas constants of dry air and water are R. div = 0.287 kPa.m Vkg.K and R wa ter = 0.4615 kPa.nr/kg.K (Table 
A-l). Also, the emissivities of water and the sheet metal are given to be 0.61 and 0.95, respectively, and the 
specific heat of glass is 1.0 kJ/kg.°C. 

Analysis (a) The mass flow rate of glass bottles through the water bath in steady operation is 

m bottle = m bottle x Bottle flow rate = (0. 150 kg/bottle)(800 bottles/min) = 120 kg/min = 2 kg/s 
Then the rate of heat removal by the bottles as they are heated from 25 to 55 °C is 
Q bottle = '"bottled AT = (2kg/sXlkJ/kg“ c)(55 - 25f c= 60.000 W 

The amount of water removed by the bottles is 

ih water out = (Flow rate of bottles)(Water removed per bottle) 

= (800 bottles / min)(0.6g/bottle)= 480g/min = 8x10 3 kg/s = 28.8 kg/h 

Noting that the water removed by the bottles is made up by fresh water entering at 15°C, the rate of heat 
removal by the water that sticks to the bottles is 

2 water removed = ™ water removed' C p AT = (8xl0~ 3 kg/s)(4178J/kg • °C)(55 - 15)°C= 1337 W 

Therefore, the total amount of heat removed by the wet bottles is 

Q total, removed — S glass removed Q water removed — 60,000 + 1337 — 61,337 W 
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(b) The rate of heat loss from the top surface of the water bath is the sum of the heat losses by radiation, 
natural convection, and evaporation. Then the radiation heat loss from the top surface of water to the 
surrounding surfaces is 

Grad,top = sAcriT* - T s 4 rr ) = (0.95)(8 m 2 X5.67 x 10“ 8 W/m 2 ■ K 4 )[(55 + 273 K) 4 - (15 + 273 K) 4 ] = 2023 W 

The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation 
pressure of water at the surface temperature (15.76 kPa at 55°C). The vapor pressure of air far from the 
water surface is determined from 

n,oo = 0W. = (°- 50 ) P sat @ 25 °c = (0.50)(3. 169 kPa) = 1 .585 kPa 

Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum 
of the vapor and dry air pressures, the densities of the water vapor, dry air, and their mixture at the water- 
air interface and far from the surface are determined to be 

At the surface : 


P, 


Pv,s 


v.s 


15.76 kPa 


RJ S 


Pa.s = 


(0.4615 kPa.nr /kg • K)(55 + 273 K) 
P a ,s _ (101.325 -15.76) kPa 

R a T s (0.287 kPa.m 3 /kg • K)(55 + 273 K) 


= 0.1041 kg/m : 


= 0.9090 kg/m 


p s =p VtS +p atS = 0.1041 + 0.9090 = 1.0131 kg/m 
Away from the surface : 


P 


Pv, oo 


Pa, cc 


V,CO 


1.585 kPa 




P 


a, co 


(0.4615 kPa • m 3 /kg • K)(25 + 273 K) 
(101.325-1.585) kPa 


= 0.01 15 kg/m 


R a T oo 


= 1.1662 kg/m 


(0.287 kPa • nrVkg • K)(25 + 273 K) 

Poo = Pv.x +Pa,ao =0.01 15 + 1.1662 = 1.1777 kg/m 3 

Note that p ^ > p s , and thus this corresponds to hot surface facing up. The area of the top surface of the 

water bath is A s = 2 m x 4 m = 8 m and its perimeter is p = 2(2 + 4) = 12 m. Therefore, the characteristic 
length is 


P 


8 m 
12 m 


= 0.667 m 


Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number 
is determined to be 


Gr = 


g(p w - p s )U (9.8 1 m/s 2 )(l. 1777 - 1.01 3 1 kg/m 3 )(0.667 m) : 


Pay 


[(1 . 1 111 + 1 .0 1 3 1) / 2 kg/m 3 ] ( 1 .702 X 1 0“ 5 m 2 / s) 2 


= 1.52x10 


Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt 
number and the convection heat transfer coefficients are determined to be 


Nu =0.15(GrPr) 1/3 = 0.15(1.52xl0 9 x0.726) 1/3 =155 


and 


h 


conv 


Nu k (155)(0.02662 W/m -°C) 2 oc 


L 0.667 m 

Then the natural convection heat transfer rate becomes 
Q =h 


conv 


conv .v 


AJT, -T ) = (6.19 W/m 2 -°CX8 m 2 X55 -25)°C = 1486 W 


Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 

1.702xl0“ 5 m 2 /s 


Sc = 


v 


D 


AB 


2.77 x 10~ 5 m 2 /s 


= 0.614 
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The Sherwood number and the mass transfer coefficients are determined to be 
Sh =().15(GrSc) 1/3 = 0.15(1.52xl0 9 x0.614) 1/3 = 147 


h 


Sh D 


AB 


(147X2.77 xlCT 5 m 2 /s) 


mass 


= 0.00610 m/s 


L 0.667 m 

Then the evaporation rate and the rate of heat transfer by evaporation become 


m 


Vl v ^mass ^s(Pv,s Pv , oo ) 

= (0.00610 m/s)(8 m 2 )(0. 1041 - 0.01 15)kg/m 3 
= 000452 kg/s = 16.3 kg/h 

and 0 evap = m v h fg = (0.00452 kg/s)(2371 kJ/kg) = 10.7 kW = 10,700 W 

Then the total rate of heat loss from the open top surface of the bath to the surrounding air and surfaces is 


Q = Q + Q 

^ total, top ^rad ^ 


conv 


Q = 2023 + 1486 + 10,700 = 14,209 W 

^evap ’ 9 


Therefore, if the water bath is heated electrically, a 14 kW resistance heater will be needed just to make up 
for the heat loss from the top surface. 

(c) The side surfaces are vertical plates, and treating the air as dry air for simplicity, heat transfer from them 
by natural convection is determined to be 

„ g/3(T s -T x )L 3 (9.81 m/s 2 )(l/313 K)(55 - 25) K)(l m) 3 „ „ e 1a9 

Ur = r = 7 7 7 = a.Zj x ID 


v 


(1.702 xlO' 5 m 2 / s) 2 


Nu = 0.1(Gr Pr) 1/3 = 0.1(3.25xl0 9 x0.7255) 1/3 =133 

, Nu k (133)(0.02662 W/m • °C) 0 2 

h conw = = = 3.54 W/m 2 • °C 


L 


lm 


Q = h com A s (T s -7^) = (3.54 W/m 2 • °C)(12x 1 m 2 )(55 - 25)°C = 1275 W 

conv, side J 

The radiation heat loss from the side surfaces of the bath to the surrounding surfaces is 

Srad,side — ^A s (7iT s — T surr ) 


and 


= (0.61)(12 m x 1 m)(5.67 x 10" 8 W/m 2 • K 4 )[(55 + 273 K) 4 - (15 + 273 K) 4 ] = 1948 W 
Q =Q +Q = 1275 + 1948 = 3223 W 

total, side conv rad 


( d) The rate at which water must be supplied to the maintain steady operation is equal to the rate of water 
removed by the bottles plus the rate evaporation, 

»We-up = "'removed + "'evap = 0.00800 + 0.00452 = 0.01252 kg/s = 45.1 kg/h 

Noting that the entire make-up water enters the bath 15°C, the rate of heat supply to preheat the make-up 
water to 55°C is 

^preheating water = '"make-up water C p A T = (0.01252kg/s)(4178J/kg • °C)(55 - 15)°C= 2092 W 

Then the rate of required heat supply for the bath becomes the sum of heat losses from the top and side 
surfaces, plus the heat needed for preheating the make-up water and the bottles, 


^total ^bottle + (^rad + ^conv ^evap ) tnn + (^rad ^conv )dHp + Qmi 


eva P/ t op 

=6 1,337+ 1 4,209 + 3223 + 2092=80,860 W 


makeup water 


Therefore, the heater must be able to supply heat at a rate of 80.9 kW to maintain steady operating 
conditions. 
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14-122 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of 
heat loss from the top and side surfaces of the bath by radiation, natural convection, and evaporation as well 
as the rates of heat and water mass that need to be supplied to the water are to be determined. 

Assumptions 1 The low mass flux conditions exist so 
that the Chilton-Colbum analogy between heat and 
mass transfer is applicable since the mass fraction of 
vapor in the air is low (about 2 percent for saturated 
air at 300 K). 2 Both air and water vapor at specified 
conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 The entire water 
body and the metal container are maintained at a 
uniform temperature of 50°C. 4 Heat losses from the 
bottom surface are negligible. 5 The air motion around 
the bath is negligible so that there are no forced 
convection effects. 

Properties The air-water vapor mixture is assumed 
to be dilute, and thus we can use dry air properties 
for the mixture at the average temperature of 
(7^ +T s ,)/2 = (25+50)/2 = 37.5°C. The properties 

of dry air at 37.5°C and 1 atm are, from Table A- 15, 
k = 0.02643 W/m • °C, Pr = 0.7262 

a = 2.312xl(T 5 m 2 /s v = 1.679 x 1(T 5 m 2 /s 
The mass diffusivity of water vapor in air at the average temperature of 310.5 K is, from Eq. 14-15, 

r j~' 2.07 2 G 1 H ^ fc'' 1^-072 

D ab = d h Oair =1.87xlO" 10 = 1.87xlO” 10 ‘ : = 2.73x1 0" 5 m 2 /s 

2 P 1 atm 

The saturation pressure of water at 25°C is P sat @ 25 °c = 3.169 kPa. Properties of water at 50°C are 

hf g = 2383kJ/kg and P v = 12.35 kPa (Table A-9). The specific heat of water at the average temperature 

of (15+50)/2 = 32.5°C is c p = 4.178 kJ/kg.°C. 

The gas constants of dry air and water are R. dir = 0.287 kPa.m Vkg.K and /? water = 0.4615 
kPa.nr/kg.K (Table A-l). Also, the emissivities of water and the sheet metal are given to be 0.61 and 0.95, 
respectively, and the specific heat of glass is given to be 1.0 kJ/kg.°C. 

Analysis ( a ) The mass flow rate of glass bottles through the water bath in steady operation is 

ra bottle = 777 bottle x Bottle flow rate = (0. 150 kg/bottle)(800 bottles/min) = 120 kg/min = 2 kg/s 

Then the rate of heat removal by the bottles as they are heated from 25 to 50°C is 
Gbottie = ''‘bottled Ar = (2 k g / sXlkJ/kg. o C)(50-25>C=50.000W 

The amount of water removed by the bottles is 

777 water out = (Flow rate of bottles )(\Vater removed per bottle) 

= (800bottles / min)(0.6g/bottle)= 480g/min = 8x10 3 kg/s = 28.8 kg/h 

Noting that the water removed by the bottles is made up by fresh water entering at 15°C, the rate of heat 
removal by the water that sticks to the bottles is 

Gwaterremoved = water removed C p A 7 = (8xl(T 3 kg/s)(4178 J/kg • °C)(50 - 15)°C= 1 170 W 

Therefore, the total amount of heat removed by the wet bottles is 

Q total, removed — Sglass removed Q water removed — 50,000 + 1 170 — 51,170 W 


Air, 25 °C 

1 atm <2evap 2rad 2conv 
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(b) The rate of heat loss from the top surface of the water bath is the sum of the heat losses by radiation, 
natural convection, and evaporation. Then the radiation heat loss from the top surface of water to the 
surrounding surfaces is 

Graitop = fi^cK 7 ; 4 - T s l r r) = (0.95)(8 m 2 )(5.67 x 10“ 8 W/m 2 ■ K 4 )[(50 + 273 K) 4 - (15 + 273 K) 4 ] = 1 726 W 

The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation 
pressure of water at the surface temperature (12.35 kPa at 50°C). The vapor pressure of air far from the 
water surface is determined from 


n .00 =#W X = (0.50)P sat@25 o C = (0.50)(3.169 kPa) = 1.585 kPa 

Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum 
of the vapor and dry air pressures, the densities of the water vapor, dry air, and their mixture at the water- 
air interface and far from the surface are determined to be 
At the surface : 


Pv.s 


P a, s 


R V T S 

Pg,s 

R a T s 


12.35 kPa 

(0.4615 kPa.m 3 /kg • K)(50 + 273 K) 
(101.325- 12.35) kPa 
(0.287 kPa.m 3 /kg • K)(50 + 273 K) 


= 0.0829 kg/m 3 
0.9598 kg/m 3 


p s = p v , s +p a , s =0.0829 + 0.9598 = 1.0427 kg/m 3 


Away from the surface : 

■Py.oo 1.585 kPa 

A ’'°° R V T X (0.4615 kPa-m 3 /kg-K)(25 + 273 K) 
P a , oo _ (101.325 -1.585) kPa 

Pa ’ CC R„T 0 o (0.287 kPa-m 3 /kg-K)(25 + 273 K) 

Poo = Pv.x + p a>00 =0.0115 + 1.1662 = 1.1777 kg/m 3 


0.01 15 kg/m 3 


1.1662 kg/m 3 


Note that p^ > p s , and thus this corresponds to hot surface facing up. The area of the top surface of the 

water bath is A s = 2 m x 4 m = 8 m and its perimeter is p = 2(2 + 4) = 12 m. Therefore, the characteristic 
length is 


L = 


\ 

p 


8 m 2 

12 m 


= 0.667 m 


Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number 
is determined to be 


„ g(P«,~Ps)L (9.81 m/s 2 )( 1.1777- 1.0427 kg/m 3 )(0.667 m) 3 , ln < 

Or = r = r — — — l.zox tu 


PavgV 


[(1.1777 + 1 .0427) / 2 kg/nT ] ( 1 .679 x 1 0~ J m z / s)‘ 


Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt 
number and the convection heat transfer coefficients are determined to be 


Nu = 0.15(GrPr) 1/3 = 0.15(1.26xl() 9 x0.7262) 1/3 =146 


and 


h 


conv 


Nu* (146X0.02643 W/m - X) = w/m 2 . oc 


L 0.667 m 

Then the natural convection heat transfer rate becomes 

G conv =h com A s (T s — T x ) = (5.79 W/m 2 •°C)(8m 2 )(50-25)°C = 1158 W 

Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 

v 1.679xl0“ 5 m 2 /s 


Sc = 


D 


AB 


2.73xl0~ 5 m 2 /s 


= 0.615 
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The Sherwood number and the mass transfer coefficients are determined to be 
Sh = 0.15(GrSc) 1/3 =0.15(1.27xl0 9 x0.615) 1/3 = 138 


h 


Sh D 


AB 


(138)(2.73xl0~ 5 m 2 /s) 


mass 


= 0.00565 m/s 


L 0.667 m 

Then the evaporation rate and the rate of heat transfer by evaporation become 


m v ^mass A s (Pv,s Pv , oo ) 

= (0.00568 m/s)(8 m 2 )(0.0829 - 0.01 15)kg/m 3 
= 0.00324 kg/s = 1 1.7 kg/h 

and <2 evap = rh v h fg = (0.00324 kg/s)(2383 kJ/kg) = 7.72 kW = 7720 W 

The total rate of heat loss from the open top surface of the bath to the surrounding air and surfaces is 


Q = Q + Q 

^ total, top ^rad ^ 


+ Q = 1726 + 1158 + 7720 = 10,604 W 

conv evap 


Therefore, if the water bath is heated electrically, a 10.6 kW resistance heater will be needed just to make 
up for the heat loss from the top surface. 

(c) The side surfaces are vertical plates, and treating the air as dry air for simplicity, heat transfer from them 
by natural convection is determined to be 

Gf _ g/3(T s -TJL 3 _ (9.81m/s 2 )( 1/310. 5K)(50-25)K)( lm) 3 _ 2g0::1Q 9 


V 


(1.679xlCT 5 m 2 /s) 2 


Nu =0.1(GrPr) 1/3 = 0.1(2.80xl0 9 x0.7262) 1/3 =127 

, Nu* (1271(0.02643 W/m-°C) „„„„„ 2 ^ 

/z con v = = = 3.36 W/m • C 


L 


lm 


G conv Slde = K om A s (T s -T x ) = (3.36 W/m 2 • °C)( 12x 1 m 2 )(50 - 25)°C = 1007 W 
The radiation heat loss from the side surfaces of the bath to the surrounding surfaces is 

Grad.side = ~ T sL) 

= (0.61)(12 m x 1 m)(5.67 x 10“ 8 W/m 2 • K 4 )[(50 + 273 K) 4 - (15 + 273 K) 4 ] = 1662 W 
and Q , . =Q +Q = 1007 + 1662 = 2669 W 

total, side conv rad 

( d) The rate at which water must be supplied to the maintain steady operation is equal to the rate of water 
removed by the bottles plus the rate evaporation, 

m m^-up = "'removed + "'evap = 0.00800 + 0.00324 = 0.01124 kg/s = 40.5 kg/h 

Noting that the entire make-up water enters the bath 15°C, the rate of heat supply to preheat the make-up 
water to 50°C is 

Q preheating water = "'make-up water ^7 = (0.01 124 kg/s )(4 1 78 J/kg • °C)(50 - 15)°C= 1644 W 

Then the rate of required heat supply for the bath becomes the sum of heat losses from the top and side 
surfaces, plus the heat needed for preheating the make-up water and the bottles, 


^total ^bottle + (^rad ^conv ^evap ) tnn + (^rad + Qconv )<iHp Qm i 


evap / to p 

=5 1,1 70+ 1 0,604 + 2669 + 1 644=66,087 W 


makeup water 


Therefore, the heater must be able to supply heat at a rate of 66.1 kW to maintain steady operating 
conditions. 
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14-123 A person is standing outdoors in windy weather. The rates of heat loss from the head by radiation, 
forced convection, and evaporation are to be determined for the cases of the head being wet and dry. 

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and 
mass transfer is applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated 
air at 300 K). 2 Both air and water vapor at specified conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 The head can be approximated as a sphere of 30 cm diameter 
maintained at a uniform temperature of 30°C. 4 The surrounding surfaces are at the same temperature as the 
ambient air. 


Properties The air- water vapor mixture is 
assumed to be dilute, and thus we can use dry air 
properties for the mixture. The properties of air 
at the free stream temperature of 25 °C and 1 atm 
are, from Table A- 15, 

k = 0.02551 W/m -C, Pr = 0.7296 
p = 1. 849x1 0" 5 kg/m-s v = 1.562 xlO -5 m 2 /s 

Also, ju s = /u @ 3o° c = 1.872 x 10 “ 5 kg/m-s . The 

mass diffusivity of water vapor in air at the 
average temperature of (25 + 30)/2 = 27.5°C = 
300.5 K is, from Eq. 14-15, 


Wet 




= D 


H 7 0-air 


j 2.072 

1.87xlCT 10 = 1.87xl(T 10 

P 


(300.5 K) 2072 
latm 


2.55 xl0~ 5 m 2 /s 


The saturation pressure of water at 25°C is P sat@2 5 °c = 3.169 kPa. Properties of water at 30°C are 


h fg = 243 1 kJ/kg and P v = 4.246 kPa (Table A-9). 

The gas constants of dry air and water are R air = 0.287 kPa.m 7kg. K and R water = 0.4615 
kPa.m /kg. K (Table A-l). Also, the emissivity of the head is given to be 0.95. 

Analysis {a) When the head is dry, heat transfer from the head is by forced convection and radiation only. 
The radiation heat transfer is 


(2 rad = eA s a(T s 4 -7+) = (0.95)[tt( 0.3 m) 2 ](5.67 x 1(T 8 W/m 2 • K 4 )[(30 + 273 K) 4 - (25 + 273 K) 4 ] = 8.3 W 


The Reynolds number for flow over the head is 


Re = 


VD 


v 


(25/3.6 m/s)(0.3m)_ n ^ on 

1 jj,joU 

1.562 xl0" 5 m 2 /s 


Then the Nusselt number and the heat transfer coefficient become 


Nu = 2 + 


= 2 + 


0.4 Re 17 2 + 0.06 Re 


2/3 p„ 0.4 f A oo 


\ 1/4 


A 


s J 


0.4(133, 380) 1/2 + 0.06(133, 380) 2/3 ](0.7296) 0 - 4 


1.849x10 

1.872x10 




-5 


= 268 



0.02551 W/m - °C 
0.3 m 


(268) 


22.8 W/m 2 °C 


Then the rate of convection heat transfer from the head becomes 

G conv = hA s (T s -T x ) = (22.8 W/m 2 .°C)[7r(0.3m) 2 ](30 - 25)°C = 32.2W 
Therefore, 

£3 total, dry = Gconv + Grad = 32.2 + 8.3 = 40.5 W 
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(b) When the head is wet, there is additional heat transfer mechanism by evaporation. The Schmidt number 
is 


Sc = 



1.562xlCT 5 m 2 /s 
2.55xl0~ 5 m 2 /s 


0.613 


The Sherwood number and the mass transfer coefficients are determined to be 

1/4 


Sh = 2 + 


0.4Re 1/2 + 0.06Re 


S 


2/3 U 0.4 M<x> 


P. 


= 2 + 


0.4(133, 380) 1/2 +0.06(133, 380) 2/3 ](0.613)° 4 


1.849x10 

1.872x10 


- 5 > 


-5 


1/4 


=250 


h 


mass 


ShD 

L 


AB _ (250)(2.55 xlQ~ 5 m 2 /s) 
0.3 m 


= 0.0213 m/s 


The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation 
pressure of water at the surface temperature (4.246 kPa at 30°C). The vapor pressure of air far from the 
water surface is determined from 


^,00 = #W X =(0-30)P sat@25 o C = (0.30)(3. 169 kPa) = 0.9507 kPa 


Treating the water vapor and the air as ideal gases, the vapor densities at the water-air interface and far 
from the surface are determined to be 


At the surface : 


R 


Pv,s = 


v,s 


4.246 kPa 


R V T S (0.4615 kPa • m 3 /kg • K)(30 + 273) K 


Away from the surface : p v s = 


P, 


iv? 


0.9507 kPa 


= 0.0304 kg/m ; 


= 0.0069 kg/m 


R V T S (0.4615 kPa • m 3 /kg • K)(25 + 273 ) K 
Then the evaporation rate and the rate of heat transfer by evaporation become 

m v =h mass A s (p vs -p v>x ) = (0.0213 m/s)[^(0.3m) 2 ](0.0304-0.0069) kg/m 3 
= 0.0001415 kg/s 


and 


Gevap = ™ v h fg = (0.0001415 kg/s) (2431 kJ/kg) = 0.344 kW = 344 W 

Then the total rate of heat loss from the wet head to the surrounding air and surfaces becomes 

2 total, wet = Gconv + Grad + G eyap = 32.2 + 8.3 + 344 = 385 W 

Discussion Note that the heat loss from the head can be increased by more than 9 times in this case by 
wetting the head and allowing heat transfer by evaporation. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



14-75 


14-124 The heating system of a heated swimming pool is being designed. The rates of heat loss from the 
top surface of the pool by radiation, natural convection, and evaporation are to be determined. 

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and 
mass transfer is applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated 
air at 300 K). 2 Both air and water vapor at specified conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 The entire water body in the pool is maintained at a uniform 
temperature of 30°C. 4 The air motion around the pool is negligible so that there are no forced convection 
effects. 


Properties The air-water vapor mixture is assumed to 
be dilute, and thus we can use dry air properties for 
the mixture at the average temperature of 
(7^ +T s )/2= (20+30)/2 = 25°C = 298 K. The 

properties of dry air at 298 K and 1 atm are, from 
Table A- 15, 

k = 0.0255 1 W/m • °C, Pr = 0.7296 

a = 2.141xl(T 5 m 2 /s v = 1.562 xl0“ 5 m 2 /s 

The mass diffusivity of water vapor in air 
at the average temperature of 298 K is 
determined from Eq. 14-15 to be 

2.072 


D AB = ^ ) H 2 0-air =1-87x10 


-10 


T 


P 


= 1.87 x 10 


-10 


(298K) 


2.072 


= 2.50xl0 -5 m z /s 


Air, 20°C 
1 atm 
60% RH 


Heating 

fluid 


latm 


T = 0°C 

1 surr — yJ ^ 


Q 


evap 


grad Q 


conv 



Pool 

30°C 


The saturation pressure of water at 20°C is P sa t@ 20 °c = 2.339 kPa. Properties of water at 30°C are 
hj g - 243 1 kJ/kg and P v - 4.246 kPa (Table A-9). The gas constants of dry air and water are R air = 0.287 
kPa.mVkg.K and R water = 0.4615 kPa.m 3 /kg.K (Table A-l). The emissivity of water is 0.95 (Table A- 18). 
Analysis ( a ) The surface area of the pool is 

A - (20 m)(20 m) = 400 m 2 


Heat transfer from the top surface of the pool by radiation is 
Q n ad = sAa(T* - T s 4 rr ) = (0.95)(400 m 2 )(5.67 x 10" 8 W/m 2 • K 4 )[(30 + 273 K) 4 - (0 + 273 K) 4 1 = 61,930 W 


(, b ) The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the 
saturation pressure of water at the surface temperature (4.246 kPa at 30°C). The vapor pressure of air far 
from the water surface is determined from 


p v , co = 0W X = (0.60)P sat@20 o C = (0.60X2.339 kPa) = 1.40 kPa 


Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum 
of the vapor and dry air pressures, the densities of the water vapor, dry air, and their mixture at the water- 
air interface and far from the surface are determined to be 


At the surface : 


P v ,s _ 4.246 kPa 

Pv ' 5 R V T S (0.4615 kPa.m 3 /kg-K)(30 + 273) K 
_ p a ,s _ (101.325 -4.246) kPa 

Pa ' s R a T s (0.287 kPa.m 3 /kg-K)(30 + 273) K 

Ps =P v ,s+Pa,s =0.0304 + 1. 1164 = 1. 1468kg/m 3 


0.0304 kg/m 3 


1.1164 kg/m 3 
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Away from the surface : 


P 


Pv, 00 


v,co 


1.40 kPa 




P 


Pa, co 


a, co 


(0.4615 kPa • nU/kg • K)(20 + 273) K 
(101.325-1.40) kPa 


= 0.0104 kg/m 


R a T oo 


= 1.1883 kg/m 


(0.287 kPa • nU/kg • K)(20 + 273) K 
Poo =Pv,<o+P a ,<o ~ 0.0104 + 1.1883 = 1.1987 kg/m 3 

Note that p ^ > p s , and thus this corresponds to hot surface facing up. The perimeter of the top surface of 
the pool is p = 2(20+ 20) = 80 m. Therefore, the characteristic length is 


P 


400 nr 
80 m 


= 5 m 


Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number 
is determined to be 


Gr = 


§(Pao ~ Ps) L 
P V 1 

Acive 


(9.81m/s 2 )(l. 1987-1. 1468kg/m 3 )(5m) 3 
[(1.1987 + 1. 1468)/2 kg/m 3 ](l ,562x 1(T 5 m 2 /s) 2 


= 2.22x10 


11 


Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt 
number and the convection heat transfer coefficients are determined to be 

Nu=0.15(GrPr) 1/3 = 0.15(2.22xl0 n x0.7296) 1/3 =818 


and 


h com = M. = (818X0-02551 W/m °C) = ^ ^ . oc 


L 5 m 

Then natural convection heat transfer rate becomes 

Q = h nn A (T -T ) = (4.17 W/m 2 • °C)(400m 2 )(30 - 20)°C = 16,680 W 


conv 


(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 


Sc = 


v 


D 


AB 


1.562 xlCT 5 m 2 /s 
2.50xl(T 5 m 2 /s 


= 0.625 


The Sherwood number and the mass transfer coefficients are determined to be 
Sh = 0. 15(GrSc) 1/3 = 0.15(2.22x10“ x0.625) 1/3 =777 


h 


Sh D ab (777)(2.50x 10~ 5 m 2 /s) 


mass 


= 0.00390 m/s 


L 5 m 

Then the evaporation rate and the rate of heat transfer by evaporation become 

m v = h mass A s (p vs -p VtX ) = (0.00390 m/s)( 400m 2 )(0.0304- 0.01 04 )kg/m 3 
= 0.0312 kg/s = 112kg/h 

and Gevap = ™vhf g = (0.0312 kg/s)(2, 43 1,000 J/kg) = 75,850 W 

Then the total rate of heat loss from the open top surface of the pool to the surrounding air and surfaces is 


Q = Q + Q 

^ total, top ^rad ^ 


+ Q =6 1,930 + 16,680 + 75,850 = 154,460 W 

conv evap 


Therefore, if the pool is heated electrically, a 155 kW resistance heater will be needed to make up for the 
heat losses from the top surface. 
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14-125 The heating system of a heated swimming pool is being designed. The rates of heat loss from the 
top surface of the pool by radiation, natural convection, and evaporation are to be determined. 

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and 
mass transfer is applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated 
air at 300 K). 2 Both air and water vapor at specified conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 The entire water body in the pool is maintained at a uniform 
temperature of 25°C. 4 The air motion around the pool is negligible so that there are no forced convection 
effects. 


Properties The air-water vapor mixture is assumed to be 
dilute, and thus we can use dry air properties for the 
mixture at the average temperature of ( 7 ^ + T s ) / 2 = 

(20+25 )/2 = 22.5°C = 295.5 K. The properties of dry air 
at 22.5°C and 1 atm are, from Table A- 15, 

k = 0.02533 W/m • °C, Pr = 0.7303 

a = 2.108x1 (T 5 m 2 /s v = 1.539x10 5 m 2 /s 

The mass diffusivity of water vapor in air at the 
average temperature of 295.5 K is, from Eq. 14-15, 


Dab ~ ^H 0 o-air -1-87x10 


-10 


T 


2.072 


Air, 20°C 
1 atm 
60% RH 


P 


= 1.87x10' 


-10 


(295.5K) 


2.072 


latm 


= 2.46xl0~ 5 m 2 /s 


Heating 

fluid 


T = 0°C 

1 surr u 


Q 


evap 


Grad Q 


conv 



The saturation pressure of water at 20°C is P sat @ 20 o c = 2.339 kPa. Properties of water at 25°C are 
hjr g = 2442kJ/kg and P v - 3.169 kPa (Table A-9). The gas constants of dry air and water are R air = 0.287 
kPa.mVkg.K and R wa ter = 0.4615 kPa.m 3 /kg.K (Table A-l). The emissivity of water is 0.95 (Table A- 18). 
Analysis ( a ) The surface area of the pool is 

A s = (20 m) (20 m) = 400 m 2 


Heat transfer from the top surface of the pool by radiation is 
4ad = cr(T s 4 - T^n) = (0.95)(400m 2 )(5.67 x 1(T 8 W/m 2 • K 4 )[(25 + 273K) 4 -(o + 273K) 4 ] = 50,240 W 


(b) The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the 
saturation pressure of water at the surface temperature (3.169 kPa at 25°C). The vapor pressure of air far 
from the water surface is determined from 


p v , oo = 0W. = (°- 60 ) P sat@20°c = (0.60X2.339 kPa) = 1.40 kPa 


Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum 
of the vapor and dry air pressures, the densities of the water vapor, dry air, and their mixture at the water- 
air interface and far from the surface are determined to be 


At the surface : 


P v ,s 3.169 kPa 

Pv ’ s R V T, (0.4615 kPa.m 3 /kg • K)(25 + 273) K 
_ P a , s _ (101.325 -3.169) kPa 

Pa ' s R a T s (0.287 kPa.m 3 /kg-K)(25 + 273) K 
p, = p v , s +p a , s =0.0230 + 1.1477 = 1.1707 kg/m 3 


0.0230 kg/m 3 


1.1477 kg/m 3 
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Away from the surface : 


P, 


Pv, go 


P a, CO 


V, 00 


1.40 kPa 




P 


a, co 


(0.4615 kPa • nU/kg • K)(20 + 273) K 
(101.325-1.40) kPa 


= 0.0104 kg/m 


R a T oo 


= 1.1883 kg/m 


(0.287 kPa • m 7kg • K)(20 + 273) K 
Pc o =Pv,oo+Pa,oo = 0.0104 + 1.1883 = 1.1987 kg/m 3 

Note that p^ > p s , and thus this corresponds to hot surface facing up. The perimeter of the top surface of 
the pool is p = 2(20+ 20) = 80 m. Therefore, the characteristic length is 


P 


400 nr 
80 m 


= 5 m 


Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number 
is determined to be 


Gr = 


giPcQ ~ Ps)L 
Awg^ 


(9.81 m/s 2 )(l. 1987-1. 1707 kg/m 3 )(5 m ) 3 
[( 1 . 1 987 + 1 . 1 707 ) / 2 kg/m 3 ] ( 1 .539 x 1 0 “ 5 m 2 / s ) 2 


= 1.22x10 


1 1 


Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt 
number and the convection heat transfer coefficients are determined to be 

Nu=0.15(GrPr) 1/3 = 0.15(1.22xl0 n x0.73 ) 1/3 =670 


and 


/ !conv = ™ = (670X0.02533 W/m °C) 3 w/m , 


L 5 m 

Then natural convection heat transfer rate becomes 

<2 conv =h com A s (T s — T x ) = (3.39 W/m 2 - o C)(400 m 2 )(25 -20)°C = 6780 W 

(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 

1 / 1.539xl0 ~ 5 m 2 / s 


Sc = 


D 


AB 


2.46 xl0~ 5 m 2 /s 


= 0.626 


The Sherwood number and the mass transfer coefficients are determined to be 
Sh = ().15(GrSc) 1/3 = 0.15(1.22x10" x0.626) 1/3 =636 


h 


Sh D ab (636)(2.46xl0~ 5 m 2 /s) 


mass 


= 0.003 13 m/s 


L 5 m 

Then the evaporation rate and the rate of heat transfer by evaporation become 

m v = /* mas s+ (P v ,s -Pv, 00 ) = (0 .003 1 3 m/s) (400 m 2 ) (0 . 023 0 - 0 .0 1 04 )kg/m 3 
= 0.0158 kg/s = 57.0 kg/h 

and 2evap = riiyh = (0.0158 kg/s)(2,442,000 J/kg) = 38,580 W 

Then the total rate of heat loss from the open top surface of the pool to the surrounding air and surfaces is 
Q , =Q +Q + Q =50,240 + 6780 + 38,580 = 95,600 W 

^ total, top ^rad ^conv ^evap 7 

Therefore, if the pool is heated electrically, a 96 kW resistance heater will be needed to make up for the 
heat losses from the top surface. 
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Review Problems 

14-126C (a) T, (b) F, (c) F, (d) T 
14-127 Henry’s law is expressed as 

gas side (^) 

^i, liquidside — TJ 

ti 

Henry’s constant H increases with temperature, and thus the fraction of gas i in the liquid ji, liquid side 
decreases. Therefore, heating a liquid will drive off the dissolved gases in a liquid. 

14-128 The ideal gas relation can be expressed as P 1 / = NR U T = mRT where R u is the universal gas 

constant, whose value is the same for all gases, and R is the gas constant whose value is different for 
different gases. The molar and mass densities of an ideal gas mixture can be expressed as 

N P 

Pi/ = NR,. T — > C = — = = constant 

1 / R U T 

111 P 

and Pi/ = mRT — » p = — = + constant 

i/ RT 

Therefore, for an ideal gas mixture maintained at a constant temperature and pressure, the molar 
concentration C of the mixture remains constant but this is not necessarily the case for the density p of 
mixture. 


14-129E The masses of the constituents of a gas mixture at a specified temperature and pressure are given. 
The partial pressure of each gas and the volume of the mixture are to be determined. 

Assumptions The gas mixture and its constituents are ideal gases. 

Properties The molar masses of C0 2 and CH 4 are 44 and 16 kg/kmol, respectively (Table A-l) 

Analysis The mole numbers of each gas and of the mixture are 


C0 2 : 
CH 4 : 


^co 2 

^ch 4 

N total 


m 


co- 


M 


co- 


rn 


CH 


M 


CH 


= N 


CO- 


1 lbmol 
44 lbmol 


= 0.0227 lbmol 


3 lbmol 
16 lbmol 


0.1875 lbmol 


+ A CH4 =0.0227 + 0.1875 = 0.2102 


1 lbm C0 2 
3 lbm CH 4 

600 R 
20 psia 


Using the ideal gas relation for the mixture and for the constituents, the volume of the mixture and the 
partial pressures of the constituents are determined to be 


l/ _ NR u r _ (0.2 102 lbmolK 10.73 psia ft 3 / lbmol- R) 6?66ft 3 
P 20 psia 

_ N co 2 R u T _ (0.0227 lbmolK 10.73 psia -ft 3 / lbmol R)(600R) 
“■ ~~V~~ 

D (V CH 4 R u T (0.1 875 lbmoix 10.73 psia -ft 3 / lbmol -RX600R) 

ch 4 “ ^ “ 67.66 ft 3 


= 2.16 psia 


= 17.84 psia 


Discussion Note that each constituent of a gas mixture occupies the same volume (the volume of the 
container), and that the total pressure of a gas mixture is equal to the sum of the partial pressures of its 
constituents. That is, P total = P C o 2 +^ch 4 = 2.16 + 17.84 = 20 psia. 
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14-130 Dry air flows over a water body at constant pressure and temperature until it is saturated. The 
molar analysis of the saturated air and the density of air before and after the process are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Properties The molar masses of N 2 , 0 2 , Ar, and H 2 0 are 28.0, 32.0, 39.95 and 18 kg / kmol, respectively 
(Table A-l). The molar analysis of dry air is given to be 78.1 percent N 2 , 20.9 percent 0 2 , and 1 percent Ar. 
The saturation pressure of water at 25°C is 3.169 kPa (Table A-9). Also, 1 atm = 101.325 kPa. 

Analysis (a) Noting that the total pressure remains constant at 101.32 kPa during this process, the partial 
pressure of air becomes 


P = P +P 

air vapor 

P =P~P 

air vapor 


Dry air 
25 °C 


= 101.325-3.169 = 98.156kPa 

Then the molar analysis of the saturated 
air becomes 


P 


y h 2 o - 


y n 2 - 


h 2 o 

p 


3.169 

101.325 


= 0.0313 


= 


y Ar = 


P N 2 

) ; N 2 ,dry ^°dry air 

_ 0.781(98.156 kPa) 

p 

P 

101.325 

p 0 2 

3 ? 0 2 ,dry ^dry air 

_ 0.209(98.156 kPa) 

p 

P 

101.325 

Pm 

y Ar,dry ^dry air 

0.01(98.156 kPa) 


P 


P 


101.325 


= 0.2025 


= 0.0097 


Saturated 

air 


Evaporation 



(b) The molar masses of dry and saturated air are 

M ai r = Y y t M t = 0.78 lx 28.0 + 0.209x32.0 + 0.01x39.95 = 29.0 kg/kmol 

M sat air = X M ' = °- 7566 x 28 -° + °- 2025 x 32 -° + °' 0097 x 39 .9 + 0 . 03 1 3 x 1 8 = 28 .62 kg/kmol 


Then the densities of dry and saturated air are determined from the ideal gas relation to be 


Pd 


P 


101.325 kPa 


ry air 


R u /M dry air )r [(8.3 14kPa • mVkmol • K)/ 29.0kg/kmol](25 + 273)K 


= 1.186 kg/m 


P sat air 


P 


101.325 kPa 


(/?„ /M satair )r [(8.314kPa-m 3 /kmol-K)/28.62kg/kmol](25 + 273)K 


= 1.170kg/m 


Discussion We conclude that the density of saturated air is less than that of the dry air, as expected. This is 
due to the molar mass of water being less than that of dry air. 
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14-131 A glass of water is left in a room. The mole fraction of the water vapor in the air at the water 
surface and far from the surface as well as the mole fraction of air in the water near the surface are to be 
determined when the water and the air are at the same temperature. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus 
Henry’s law is applicable. 

Properties The saturation pressure of water at 20°C is 2.339 kPa (Table A-9). Henry’s constant for air 
dissolved in water at 20°C (293 K) is given in Table 14-6 to be H = 65,600 bar. Molar masses of dry air and 
water are 29 and 18 kg/kmol, respectively (Table A-l). 

Analysis ( a ) Noting that the relative humidity of air is 70%, the partial pressure of water vapor in the air far 
from the water surface will be 


P v, room air - ^sat@20°c - (0.7)(2.339kPa) - 1.637kPa 

Assuming both the air and vapor to be ideal gases, the mole fraction of water 
vapor in the room air is 


Air 
20°C 
100 kPa 
70% RH 


y 


vapor 


^"vapor _ 1.637 kPa 
P ~ lOOkPa 


0.0164 


(or 1.64%) 


( b ) Noting that air at the water surface is saturated, the partial pressure of 
water vapor in the air near the surface will simply be the saturation 
pressure of water at 20°C, P v , interface = P S at@ 20 °c = 2.339kPa . Then the 

mole fraction of water vapor in the air at the interface becomes 


y 


v, surface 


R 


v, surface 


P 


2.339kPa 

lOOkPa 


= 0.0234 


(or 2.34%) 



Water 

20°C 



(c) Noting that the total pressure is 100 kPa, the partial pressure of dry air at the water surface is 


^air, surface = P ~ P v, surface = 100 - 2.339 = 97 .661 kPa 


From Henry’s law, the mole fraction of air in the water is determined to be 


= ' <>76<,1,101 325>bar = 1.47 xl0 -s = 0.0015% 


H 


65,600 bar 


Discussion The water cannot remain at the room temperature when the air is not saturated. Therefore, some 
water will evaporate and the water temperature will drop until a balance is reached between the rate of heat 
transfer to the water and the rate of evaporation. 
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14-132 EES Using the relation D AB - 2.67 xlO -5 exp(-17,400/T) the diffusion coefficient of carbon in 
steel is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

D_AB=2.67E-5*exp(-1 7400/T) 


r, k 

£> ab , m 2 / s 

300 

1.728x1 O' 30 

400 

3.426 xlO" 24 

500 

2.056 xlO" 20 

600 

6.792 xlO" 18 

700 

4.277 xlO" 16 

800 

9.563 xlO" 13 

900 

1.071 xlO" 13 

1000 

7.409 xlO" 13 

1100 

3.604 xlO" 12 

1200 

1.347 xlO' 11 

1300 

4.108 xlO -11 

1400 

1.068 xlO 10 

1500 

2.447 xlO" 10 



T [K] 
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14-133 A 2-L bottle is filled with carbonated drink that is fully charged (saturated) with C0 2 gas. The 
volume that the C0 2 gas would occupy if it is released and stored in a container at room conditions is to be 
determined. 

Assumptions 1 The liquid drink can be treated as water. 2 Both the C0 2 gas and the water vapor are ideal 
gases. 3 The C0 2 gas is weakly soluble in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 17°C is 1.96 kPa (Table A-9). Henry’s constant for C0 2 
dissolved in water at 17°C (290 K) is H = 1280 bar (Table 14-6). Molar masses of C0 2 and water are 44.01 
and 18.015 kg/kmol, respectively (Table A-l). The gas constant of C0 2 is 0.1889 kPa.mVkg.K. Also, 1 bar 
= 100 kPa. 


Analysis (a) In the charging station, the C0 2 gas and water vapor mixture above the liquid will form a 
saturated mixture. Noting that the saturation pressure of water at 17°C is 1.96 kPa, the partial pressure of 
the C0 2 gas is 


^co 2 , gas side ~ P P vapor ~ P P ;at@i7°c - 600 1.96 - 598.04kPa - 5.9804 bar 
From Henry’s law, the mole fraction of C0 2 in the liquid drink is determined to be 

Pqo 2 , gas side 5.9804bar 


y C0 2 , liquid side 


= 0.00467 


H 1280bar 

Then the mole fraction of water in the drink becomes 

y water, liquid side — ^ — ^COt, liquid side — 1 — 0.00467 — 0.99533 
The mass and mole fractions of a mixture are related to each other by 


m, 


W: = 


NiM t 


M ; 


m m N m M m 


= yt 


M 


m 


where the apparent molar mass of the drink (liquid water - C0 2 mixture) is 



M 


m 


y i M i y liquid water ^ water 


+ y COo M COo = 0.99533 x 18.015 + 0.00467 x 44.01 = 18.14kg/kmol 


Then the mass fraction of dissolved C0 2 in liquid drink becomes 


^C0 2 , liquidside y C0 2 , liquidside (^) 


M 


M 


c ° 2 . zz 0.00467 


44.01 


1 C 1 A 


= 0.0113 


Therefore, the mass of dissolved C0 2 in a 2 L « 2 kg drink is 
m co 2 = w co 2 m m =0.01 13(2 kg) = 0.0226 kg 


Then the volume occupied by this C0 2 at the room conditions of 25°C and 100 kPa becomes 


c ,_ mRT _ (0.0226 kg)(0. 1889 kPa • nr /kg-K)(298K) _ 0<01 2 7m 3 -12.7L 


P 


100 kPa 


Discussion Note that the amount of dissolved C0 2 in a 2-L pressurized drink is large enough to fill 6 such 
bottles at room temperature and pressure. Also, we could simplify the calculations by assuming the molar 
mass of carbonated drink to be the same as that of water, and take it to be 18 kg/kmol because of the very 
low mole fraction of C0 2 in the drink. 
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14-134 The walls of a house are made of 20-cm thick bricks. The maximum amount of water vapor that 
will diffuse through a 3 m x 5 m section of the wall in 24-h is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 
The vapor permeability of the wall is constant. 4 The vapor pressure at the outer side of the wall is zero. 

Properties The permeance of the brick wall is given to be 23x10’ “ kg/s.m .Pa. The saturation pressure of 
water at 20°C is 2339 Pa (Table 14-9). 

Analysis The mass flow rate of water vapor through a plain layer 

of thickness L and normal area A is given by (Eq. 14-31) | | 


m v = PA 


Pv,2 


= PA 


A-^sat,l ^2^sat,2 


- M A{(/) x P sat j ^sat,2 ) 


20°C 
85 kPa 
60% RH 


Pv = 0 


where P is the vapor permeability and M = P/L is the permeance of 
the material, (/) is the relative humidity and P sat is the saturation 

pressure of water at the specified temperature. Subscripts 1 and 2 

denote the air on the two sides of the wall. 

20 ci 

Noting that the vapor pressure at the outer side of the M 

^ „ *T 1 > 1 i 

wallboard is zero (<fh = 0) and substituting, the mass flow rate of 
water vapor through the wall is determined to be 

m v = (23 x 1()^ 12 kg/s.m 2 .Pa)(3 x 5 m 2 )[0.60(2339 Pa) - 0] = 4. 842x1 (T 7 kg/s 

Then the total amount of moisture that flows through the wall during a 24-h period becomes 


, 24 . h = m v At = (4.842x10 7 kg/s)(24 x 3600 s) = 0.0418 kg = 41.8 g 


Discussion This is the maximum amount of moisture that can migrate through the wall since we assumed 
the vapor pressure on one side of the wall to be zero. 
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14-135E The thermal and vapor resistances of different layers of a wall are given. The rates of heat and 
moisture transfer through the wall under steady conditions are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal and vapor resistances of different layers of the wall and the heat transfer coefficients are constant. 
4 Condensation does not occur inside the wall. 

Properties The thermal and vapor resistances are as given in the problem statement. The saturation 
pressures of water at 70°F and 32°F are 0.3632 and 0.0887 psia, respectively (Table 14-9E). 



Construction 

R-value, 

h.ft 2 .°F/Btu 

R v -value, 

s.ft 2 .psi/lbni 

1. Outside suirface, 15 mph wind 

0.17 

- 

2. Face brick, 4 in. 

0.43 

15,000 

3. Cement mortar, 0.5 in. 

0.10 

1930 

4. Concrete block, 6 in. 

4.20 

23,000 

5. Air space, 3 A in. 

1.02 

77.6 

6. Gypsum wallboard, 0.5 in. 

0.45 

332 

7. Inside surface, still air 

0.68 

- 


Analysis Noting that all the layers of the wall are in series, the total 
thermal resistance of the wall for a 1-ft section is determined by 
simply adding the R-values of all layers 

R tool = ^ R - va lue = 0.17 + 0.43 + 0.10 + 4.20 + 1 .02 + 0.45 + 0.68 = 7.05 h • ft 2 • °F/Btu 


Then the rate of heat transfer through the entire wall becomes 


0wall=A^-^ = (9x25ft 2 ) 


(70-32)°F 


= 1213 Btu/h 


R 


total 


7.05 h -ft 2 • °F/Btu 


The vapor pressures at the indoors and the outdoors is 

P v i = (j) x P sat>1 = 0.65 x (0.3632 psia) = 0.2361 psia 
P v 2 = ^ 2 ^sat,2 = 0-40 x (0-0887 psia) = 0.0355 psia 

The total vapor resistance of the wall for a 1-ft section is determined by simply adding the R v -values of all 
layers, 

R v total = Y l R v~ value = 15 ' 000 + 1930 + 23,000 + 77.6 + 332 = 40.340 s • ft 2 • psia/lbm 


Then the rate of moisture flow through the interior and exterior parts of the wall becomes 


^v,wall ^ 


n,i ^v,2 


R 


= (9 x 25 ft ) 


o (0.2361-0.0355) psia 


v, total 


40,340 s • ft 2 • psia/lbm 


= 0.00 1 1 2 lbm/s = 4.03 lbm/h 
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14-136 An aquarium is oxygenated by forcing air to the bottom of it. The mole fraction of water vapor is to 
be determined at the center of the air bubbles when they reach the free surface of water. 

Assumptions 1 The air bubbles are initially completely dry. 2 The bubbles are spherical and possess 
symmetry about the midpoint. 3 Air is weakly soluble in water and thus Henry’s law is applicable. 4 
Convection effects in the bubble are negligible. 5 The pressure and temperature of the air bubbles remain 
constant at 1 atm and 25 °C. 6 Both the air and the vapor are ideal gases. 

Properties Henry’s constant for oxygen dissolved in water at 300 K (= 25°C) is given in Table 14-6 to be H 
= 43,600 bar. The saturation pressure of water at 25°C is 3.169 kPa (Table A-9). The mass diffusivity of 
water vapor in air at 298 K is, from Eq. 14-15, 

rp 2.072 (298 K) 2-072 

D ab =£>HOair =1.87xlO“ 10 = 1.87x10 - - = 2.50xl0 -5 m 2 /s 

2 P 1 atm 


Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a sphere 
with specified surface temperature, and thus can be solved accordingly. Noting that the air in the bubble at 
the air-water interface will be saturated, the vapor pressure at the interface will be 


^v, surface ~ ^sat@25°C - 3.169kPa 
Then the mole fraction of vapor at the bubble interface becomes 


3 v, surface 


P v, surface 3.169kPa 


= 0.0313 


P 101.325kPa 
The mass transfer Fourier number for t = 2 s is 

D AB t (2.50xl0 -5 m 2 / s)(2s) 10 c 

T = 1 — = : : = 12. J 


1 atm 
25 °C 


Aquarium 

25°C 


Air bubbles 



r c 2 (2xl0‘ 3 m) 2 

Then the mole fraction of water vapor at the center of the bubble in 2 s can be determined from 


y v, center 3y, surface . -X?z 

= A l e 1 

y v, initial 3* v, surface 


The Biot number Bi = hrjk in this case is infinity since a specified surface concentration corresponds to an 
infinitely large mass transfer coefficient ( h —> go ). Then the two constants in the equation above are 
determined from Table 4-1 to be = 3.1416 and A! =2. Also, y v initial = 0 since the air is initially dry. 


Substituting, the mole fraction of water vapor at the center of the bubble in 2 s is determined to be 


3 


v, center 


-0.0313 


0-0.0313 


= 2 £ - (3'1416) 2 (12-5) _ 5.27 xlO -54 = 0 — » y y>center = 3v, surface = 0.0313 


That is, the air bubbles become saturated when they leave the aquarium. 


14-137 An aquarium is oxygenated by forcing oxygen to the bottom of it, and letting the oxygen bubbles 
rise. The penetration depth of oxygen in the water during the rising time is to be determined. 
Assumptions 1 Convection effects in the water are negligible. 2 The pressure and temperature of the 
oxygen bubbles remain constant. 

Properties The mass diffusivity of oxygen in liquid water at 
298 K is D ab = 2.4 x I 0 -9 m 2 /s (Table 14-3b). 

Analysis The penetration depth can be determined directly 
from its definition (Eq. 14-38) to be 


^diff 


AB 


= a /^(2.4x 10" 9 m 2 /s)(4 s) 


t = 


,-4 


= 1.73 x 1(T H m = 0.173 mm 
Therefore, oxygen will penetrate the water only a fraction of a 
milimeter. 


1 atm 
25°C 
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14-138 A circular pan filled with water is cooled naturally. The rate of evaporation of water, the rate of heat 
transfer by natural convection, and the rate of heat supply to the water needed to maintain its temperature 
constant are to be determined. 


Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 25°C). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 3 Radiation heat transfer is negligible. 4 Both air and 
water vapor are ideal gases. 


Properties The air-water vapor mixture is assumed to be dilute, and thus we can use dry air properties for 
the mixture at the average temperature of (7^ +T S )/ 2 = (15+20)/2 = 17.5°C = 290.5 K. The properties of 

dry air at 17.5°C and 1 atm are, from Table A- 15, 

k = 0.02495 W/m • °C, Pr = 0.7316 

a = 2.042x1 CT 5 m 2 /s v = 1.493 xl0~ 5 m 2 /s 

The mass diffusivity of water vapor in air at the 
average temperature of 290.5 K is, from Eq. 14-15, 

2.072 


Dab=Dh 2 o-air =1-87x10 


-10 


T 


p 


= 1.87x10' 


-10 


(290.5 K) 


2.072 


= 2.37 xl0~ 5 m 2 /s 


latm 



The saturation pressure of water at 20°C is P sat @ 20 °c = 2.339 kPa. Properties of water at 15°C are 

hj g = 2466kJ/kg and P v - 1.705 lkPa (Table A-9). The specific heat of water at the average temperature 

of (15+20)/2 = 17.5°C is c p = 4.184 kJ/kg.°C. The gas constants of dry air and water are P air = 0.287 
kPa.mVkg.K and P water = 0.4615 kPa.m 3 /kg.K (Table A-l). 

Analysis (a) The air at the water surface is saturated, and thus the vapor pressure at the surface is simply 
the saturation pressure of water at the surface temperature (1.7051 kPa at 15°C). The vapor pressure of air 
far from the water surface is determined from 

p v , 00 = ^sat@ 7 ; = (0.30)P sat@20 o C = (0.30)(2.339 kPa) = 0.7017 kPa 


Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum 
of the vapor and dry air pressures, the densities of the water vapor, dry air, and their mixture at the water- 
air interface and far from the surface are determined to be 


At the surface : 


Pv,s 


Pa,s 


RJ S 

P a,s 

R a T s 


1.7051 kPa 

(0.4615 kPa • m 3 /kg • K)(15 + 273) K 
(101.325 -1.7051) kPa 
(0.287 kPa.m 3 /kg • K)(15 + 273) K 


= 0.01283 kg/m 3 
1.2052 kg/m 3 


p s =p VtS +p a , s = 0.01283 + 1.2052 = 1.21803 kg/m 3 


Away from the surface : 


Pv, 00 
Pa, oo 


P 


V,00 


R V T O0 


p 


a, oo 


R a T ao 


0.7017 kPa 

(0.4615 kPa • m 3 /kg • K)(20 + 273) K 
(101.325 -0.7017) kPa 
(0.287 kPa • m 3 /kg • K)(20 + 273 K) 


= 0.00519 kg/m 3 
1.1966 kg/m 3 


Po o =Pv,oo +Pa, x =0.00519 + 1.1966 = 1.2018 kg/m 3 
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Note that p x < p s , , and thus this corresponds to hot surface facing down. The area of the top surface of the 

9 . _ 

water A s = m G and its perimeter is p - 2m 0 . Therefore, the characteristic length is 


L = A 


7tr n 


r o 


0.15 m 


P 


= 0.075 m 


Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number 
is determined to be 

Gr gCAo-A)*? (9.81m/s 2 )(1.21803-1.2018kg/m 3 )(0.075m) 3 2 ;lQS 




[(1.2180+ 1.2018)/2 kg/m 3 ](l ,493x 1(T 5 m 2 /s) 2 


Recognizing that this is a natural convection problem with cold horizontal surface facing up, the Nusselt 
number and the convection heat transfer coefficients are determined to be (Table 14-13) 


Nu =0.27(GrPr) 1/4 = 0.27(2.49xl0 5 x0.7316) 1/4 =5.58 


and 


7 Nu k (5.58)(0.02495 W/m • °C) 10 ^ w/2o ^ 

hcnnv = = = 1 .86 W/m • C 

conv L 0.075 m 

Then the rate of heat transfer from the air to the water by forced convection becomes 

2 cony = h com A s (T x -T s ) = (1.86 W/m 2 • o C)[^-(0.15 m) 2 ](20-15)°C = 0.66 W (to water) 

( b ) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 


Sc = 


v 1.493 xl0" 5 m 2 /s 


D 


ab 2.37xl0 -5 m 2 /s 


= 0.630 


Therefore, the Sherwood number in this case is determined from Table 14-13 to be 
Sh = 0.27(GrSc) 1/4 = 0.27(2.53xl0 5 x0.629) 1/4 =5.39 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


h 


Sh D ab (5.39X2.37 xl(r 5 m 2 /s) 


mass 


L 


0.075m 


= 0.00170m/s 


Then the evaporation rate and the rate of heat transfer by evaporation become 

m ^ = h m . dSS A s {p vs — p vco ) = (0.00170 m/s)[^-(0. 15 m) 2 ](0.01283 -0.005 19) kg/m 3 
= 9.18xl0 -7 kg/s = 0.0033 kg/h 
and 

2eva P = ,h v h fg = (9.17xl0 -7 kg/s)(2466 kJ/kg) = 0.00226 kW = 2.26 W 
(c) The net rate of heat transfer to the water needed to maintain its temperature constant at 15°C is 
<2net = e eva „ - Cconv = 2-26 + (-0.66) = 1.6 W 

C Vdp 

Discussion Note that if no heat is supplied to the water (by a resistance heater, for example), the 
temperature of the water in the pan would drop until the heat gain by convection equals the heat loss by 
evaporation. 
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14-139 Air is blown over a circular pan filled with water. The rate of evaporation of water, the rate of heat 
transfer by convection, and the rate of energy supply to the water to maintain its temperature constant are to 
be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 15°C). 2 The critical 
Reynolds number for flow over a flat plate is 500,000. 3 Radiation heat transfer is negligible. 4 Both air and 
water vapor are ideal gases. 

Properties The air-water vapor mixture is assumed to be dilute, and thus we can use dry air properties for 
the mixture at the average temperature of (7^ + T S )/ 2 = (15+20)/2 = 17.5°C = 290.5 K. The properties of 

dry air at 17.5°C and 1 atm are, from Table A- 15, 


k = 0.02496 W/m-°C, Pr = 0.7316 

a = 2.042xl(T 5 m 2 /s v = 1 .493 x 1(T 5 m 2 /s 

The mass diffusivity of water vapor in air at the 
average temperature of 290.5 K is, from Eq. 14-15, 

2.072 


1 atm 
20°C 


Evaporation 


Dab ~ ^mo-air -1*87x10 


-10 


T 


P 


= 1.87 x 10 


_ 10 (290.5 K) 


2.072 


latm 


= 2.37 x 10 -5 m7s 



The saturation pressure of water at 20°C is P sat @ 20 °c = 2.339 kPa. Properties of water at 15°C are 
hj ; , = 2466kJ/kg and P v = 1.705 lkPa (Table A-9). Also, the gas constants of water is R water = 0.4615 
kPa.m 3 /kg.K (Table A-l). 

Analysis (a) Taking the radius of the pan r 0 = 0.15 m to be the characteristic length, the Reynolds number 
for flow over the pan is 


Re = 


VL (3m/s)(0.15 m) 
v 1.493 xl0" 5 m 2 /s 


= 30,141 


which is less than 500,000, and thus the flow is laminar over the entire surface. The Nusselt number and the 
heat transfer coefficient are 

Nu = 0.664 Re L a5 Pr 1/3 = 0.664(30, 14l) 05 (0.7316) 1/3 =103.9 
Nuk (1 03 .9)(0. 02496 W/m • °C) 


h 


heat 


= 17.3 W/m -°C 


L 0.15m 

Then the rate of heat transfer from the air to the water by forced convection becomes 


2 conv =h com A s (T x -T s ) = (113W/m 2 -°C)[;r(0.15 m) 2 ](20-15)°C = 6.1 W (to water) 


(b) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 


Sc = 


v 1 .493x1 0 -5 m 2 /s 


D 


AB 2.37xl0 -5 m 2 /s 


= 0.630 


Therefore, the Sherwood number in this case is determined from Table 14-13 to be 
Sh = 0.664 Re L 0 ' 5 Sc 1/3 = 0.664(30,14l)°' 5 (0.630) 1/3 =98.8 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


h 


Sh D ab (98.8)(2.37x 10~ 5 m 2 /s) 


mass 


L 


0.15 m 


= 0.0156 m/s 
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The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation 
pressure of water at the surface temperature (1.7051 kPa at 15°C). The vapor pressure of air far from the 
water surface is determined from 

n,oo = (0.30)P sat@20 o C = (0.30X2.339 kPa) = 0.7017 kPa 

Treating the water vapor and the air as ideal gases, the vapor densities at the water-air interface and far 
from the surface are determined to be 


At the surface : 


P, 


Pv,s - 


v,s 


1.705 IkPa 


R V T S (0.4615 kPa • m 3 /kg • K)(15 + 273) K 


Away from the surface : p vao = 


V,00 


0.7017 kPa 


= 0.01283 kg/m 


= 0.00519 kg/m 


RJao (0.4615 kPa • m 3 /kg • K)(20+ 273) K 
Then the evaporation rate and the rate of heat transfer by evaporation become 

m v = /i mass A s (p vs - p vx ) = (0.0156 m/s)W0. 15 m) 2 ](0.01283 - 0.00519) kg/m 3 
= 8.42 x 10~ 6 kg/s = 0.0303 kg/h 
and 

0 evaD = m v h = (8.42 x 10~ 6 kg/s)(2466 kJ/kg) = 0.0208 kW = 20.8 W 


(c) The net rate of heat transfer to the water needed to maintain its temperature constant at 15°C is 
<2„et = G evap - Gconv = 20.8 + (-6. 1) = 14.7 W 

Discussion Note that if no heat is supplied to the water (by a resistance heater, for example), the 
temperature of the water in the pan would drop until the heat gain by convection equals the heat loss by 
evaporation. 

Also, the rate of evaporation could be determined almost as accurately using mass fractions of 
vapor instead of vapor fractions and the average air density from the relation m evap = h m . dSS pA(w A s . - x ) . 
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14-140 A spherical naphthalene ball is hanged in a closet. The time it takes for the naphthalene to sublimate 
completely is to be determined. 

Assumptions 1 The concentration of naphthalene in the air is very small, and the low mass flux conditions 
exist so that the Chilton-Colburn analogy between heat and mass transfer is applicable (will be verified). 2 
Both air and naphthalene vapor are ideal gases. 3 The naphthalene and the surrounding air are at the same 
temperature. 4 The radiation effects are negligible. 

Properties The molar mass of naphthalene is 128.2 kg/kmol. Because of low mass flux conditions, we can 
use dry air properties for the mixture at the specified temperature of 25°C and 1 atm, at which 

p — 1.1 84 kg/ m 3 , c p - 1007 J/kg-K , and a - 2.141 xlO -5 m 2 /s (Table A-15). 

Analysis The incoming air is free of naphthalene, and thus the 
mass fraction of naphthalene at free stream conditions is zero, 
w A oo = 0. Noting that the vapor pressure of naphthalene at the 
surface is 1 1 Pa, the mass fraction of naphthalene on the air 
side of the surface is 


= 


Pas 

f Ma ) 

11 Pa 

^128.2kg/kmoP 

P 

M • 

air / 

~ 101, 325 Pa 

v 29 kg/kmol y 


= 4.8x10 


Normally we would expect natural convection currents to 
develop around the naphthalene ball because the amount of 
naphthalene near the surface is much larger, and determine the 
Nusselt number (and its counterpart in mass transfer, the 
Sherwood number) from Eq. 14-16, 


Nu = 2 + 


0.589Ra 


1/4 



[ 1 + (0.469/Pr) 9/16 ] 4/9 

But the mass fraction value determined above indicates that the amount of naphthalene in the air is so low 
that it will not cause any significant difference in the density of air. With no density gradient, there will be 
no natural convection and thus the Rayleigh number can be taken to be zero. Then the Nusselt number 
relation above will reduce to Nu = 2 or its equivalent Sh = 2. Then using the definition of Sherwood 
number, the mass transfer coefficient can be expressed as 


h 


Sh D 


AB 


2D 


AB 


mass 


D 


D 


1 3 

The mass of naphthalene ball can be expressed as m = /? naph {/ = — p n . dph (kD ) . The rate of change of the 

mass of naphthalene is equal to the rate of mass transfer from naphthalene to the air, and is expressed as 

dm K/ v 

= “"massAiir- Mw A ,s ~ W A , oo ) 


dt 


d_ f 
dt 


^naph^ 3 ) 

s 

3 n 2 dD 

6^ naph dt 

Simplifying and rearranging, 


2D 


D 


AB yO air (®D 2 )(w AiS - W Aj00 ) 


= -2D AB (xD)p. dir (wA' S -w Aj00 ) 

^Pdil'^AB / \ i. 

DdD = (w A s - w At00 )dt 

P naph 


Integrating from D - D t = 0.03 m at time t = 0 to D = 0 (complete sublimation) at time t = t gives 


t = 


2 

Pnaph^i 


8 P w D AB( W A r s ~™A , oo ) 

Substituting, the time it takes for the naphthalene to sublimate completely is determined to be 


t = 


Pnaph^j 


(1100 kg/m 3 ) (0.0 1 5 m) 2 


%PmD A b( w a,s ~ w a,oo) 8(1.184kg/m i )(0.61xl0 5 )(4.80xl0 4 -0)m z /s) 


*-4 


= 8.92xl0 6 s = 103 days 
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14-141E A swimmer extends his wet arms into the windy air outside. The rate at which water evaporates 
from both arms and the corresponding rate of heat transfer by evaporation are to be determined. 
Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 60°F). 2 The arm can 
be modeled as a long cylinder. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
average temperature of (40 + 80)/2 = 60°F and 1 atm, for which v = 1.588x1 O' 4 ft 2 /s , and p = 0.07633 lbm 
/ ft 3 (Table A-15E). The saturation pressure of water at 40°F is 0.1217 psia. Also, at 80°F, the saturation 
pressure is 0.5073 psia and the heat of vaporization is 1048 Btu/lbm (Table A-9E). The molar mass of 
water is R = 0.5957 psia.ft 3 /lbm.R (Table A- IE). The mass diffusivity of water vapor in air at 60°F = 520 R 
= 288.9 K is determined from Eq. 14-15 to be 

rji 2.072 (288 9 k ) 2 072 

D ab = d h o-air = 1.87xl(T 10 = 1.87xl(T 10 - = 2.35xl(T 5 m 2 /s = 2.53xl(T 4 ft 2 /s 

2 P latm 


Analysis The Reynolds number for flow over a cylinder is 
VD (20 x 5280 / 3600 ft/s)(3 / 1 2 ft) 


Re = 


v 


1.588 xl0~ 4 ft 2 /s 


= 46,180 


Air, 1 atm 
40°F, 50% RH 
20 mph 


The Schmidt number in this case is 
Sc = 


1.588x10^ ft 2 /s 


Wet arm 


D 


AB 


2.53xl0 -4 ft 2 /s 


= 0.628 



Then utilizing the analogy between heat and mass convection, the 
Sherwood number is determined from Eq. 10-32 by replacing Pr 
number by the Schmidt number to be 

i4/5 




,0.5 c J/3 


Sh = 0.3 + t 


0.62Re Sc 


1 + (0.4/Sc) 


2/3 


11/4 


1 + 


Re 


\5/8 


282,000 


0.62(46,1 80)°* 5 (0.628) 


= 0.3 


a/3 


1 + (0.4/0.628) 


2/3 


1/4 


1 + 


46,180 

282,000 


\5/8 


80°F 

-i4/5 


= 125 


Using the definition of Sherwood number, the mass transfer coefficient is determined to be 
Sh D 


h 


AB 


mass 


D 


(125)(2.53xlQ~ 4 ft 2 /s) 
3/ 12ft 


= 0.1 265 ft/s 


The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation 
pressure of water at the surface temperature (0.5073 psia at 80°F). The vapor pressure of air far from the 
water surface is determined from 

p v ,oo =</ P sat @t„ = (0.50)P sa t @ 40°F = (0.50)( 0. 1 2 1 7 psia) = 0.0609 psia 

Treating the water vapor as an ideal gas, the vapor densities at the water-air interface and far from the 
surface are determined to be 

At the surface : p = — — — = — = 0.00158 lbm/ft 3 

R V T S (0.5957 psia- ft 3 /lbm-R)(80 + 460) R 

Away from the surface : p ^ - — — — == 0.0609 psia _ q qqq 204 lbm/ft 3 

tfyToo (0.5957 psia- ft 3 /lbm-R)(40 + 460) R 

Then the evaporation rate and the rate of heat transfer by evaporation become 

m v = h mass A s (p v s - p VfO0 ) = (0 . 1265 ft/s) [2 x tt( 3/12 ft)(2ft)](0.00158- 0.000204) lbm/ft 3 

= 5 .47 x 1 0 “ 4 lbm/s = 1.97 lbm/h 

and Gevap = ™vhfg = (5-47 x 10“ 4 lbm/s)(1048 Btu/lbm) = 0.573 Btu/s 

Discussion The rate of evaporation could be determined almost as accurately using mass fractions of vapor 
instead of vapor fractions and the average air density from the relation m evap = h mass pA(w A v - vv 4 x ) . 
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14-142 A nickel part is put into a room filled with hydrogen. The ratio of hydrogen concentrations at the 
surface of the part and at a depth of 2-mm from the surface after 24 h is to be determined. 

Assumptions 1 Hydrogen penetrates into a thin layer beneath the surface of the nickel component, and thus 
the component can be modeled as a semi-infinite medium regardless of its thickness or shape. 2 The initial 
hydrogen concentration in the nickel part is zero. 

Properties The molar mass of hydrogen H 2 is M = 2 kg/kmol (Table A-l). The solubility of hydrogen in 
nickel at 358 K (=85°C) is 0.00901 kmol/m 3 .bar (Table 14-7). The mass diffusivity of hydrogen in nickel at 
358 K is Z) AB =1.2 x 10 -12 m 2 /s (Table 14-3b). Also, 1 atm = 1.01325 bar. 


Analysis This problem is analogous to the one- 
dimensional transient heat conduction problem in a 
semi-infinite medium with specified surface 
temperature, and thus can be solved accordingly. Using 
mass fraction for concentration since the data is given in 
that form, the solution can be expressed as 


w A (xj)-w Ai 

™A,s - ™A,i 



The molar density of hydrogen in the nickel at 
the interface is determined from Eq. 14-20 to be 

Cr 2 , solid side (0) = S X P H2 gas side 

= (0.0090 lkmol/mp .bar)(3 x 1 .0 1 325 bar) 
= 0.0274 kmol/mp 



The argument of the complementary error function is 


£ 



2xl0~ 3 m 

2 a /(1.2x 10“ 12 m 2 / s)(24x 3600s) 


3.106 


The corresponding value of the complementary error function is determined from Table 4-4 to be 

r \ 


erfc 






= erfc(3.105) = 0.000015 


Substituting the known quantities, 

C A (v,O - 0 =aQQQQ15 C A (x, t) = 4.1 x 10~ 7 kmol/m 3 
0.0274 - 0 


Therefore, the hydrogen concentration in the steel component at a depth of 2 mm in 24 h is very small. 
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14-143 A 0.1 -mm thick soft rubber membrane separates pure O 2 from air. The mass flow rate of 0 2 through 
the membrane per unit area and the direction of flow are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the membrane is one- 
dimensional. 3 The permeability of the membrane is constant. 

Properties The mass diffusivity of oxygen in rubber at 298 K is D A B = 2.1xlO' 10 m 2 /s (Table 14-3b). The 
solubility of oxygen in rubber at 298 K is 0.00312 kmol / m 3 .bar (Table 14-7). The molar mass of oxygen is 
32 kg / kmol (Table A-l). 

Analysis The molar fraction of oxygen in air is 0.21. Therefore, the 

partial pressure of oxygen in the air is Rubber 

membrane 


:vo 2 = 


— 2 - y o, P - 0.2 lx (3 atm) = 0.63 atm 


The partial pressure of oxygen on the other side is simply 
Pq 2 1 =1 atm . Then the molar flow rate of oxygen through the 

membrane by diffusion can readily be determined to be 


0 2 

1 atm 
25 °C 


^diff,A,wall - Dab 


p a,\ P A,2 


= (2.1x 10~ 10 m 2 


/ Jaaaoi^i i/ 3 \(l -0.63) atm ( 1.01325 bar 

/s)10.00312kmol/m .bar)- — 

O.lxlO -3 m l 1 atm 


=2.46 x 1 0 9 kmol/m 2 • s 


Air 
3 atm 


Then the mass flow rate of oxygen gas through the membrane becomes 

m diff = M7V diff = (32 kg/kmol)(2.46 x 10~ 9 kmol/m 2 • s) = 7.87 x 10~ 8 kg/m 2 • s 

The direction of the flow will be from the pure oxygen inside to the air outside since the partial pressure of 
oxygen is higher inside. 
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14-1 44E The top section of a solar pond is maintained at a constant temperature. The rates of heat loss from 
the top surface of the pond by radiation, natural convection, and evaporation are to be determined. 

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colbum analogy between heat and 
mass transfer is applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated 
air at 80°F). 2 Both air and water vapor at specified conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 The water in the pool is maintained at a uniform temperature of 80°F. 

4 The critical Reynolds number for flow over a flat surface is 500,000. 


Properties The air-water vapor mixture is 
assumed to be dilute, and thus we can use dry 
air properties for the mixture at the average 
temperature of (7^ +T S )/ 2 = (70+80)/2 = 

75 °F. The properties of dry air at 75 °F and 1 
atm are, from Table A-15E, 

k = 0.01469 Btu/h - ft- °F 

Pr = 0.7298 

a = 2.288xlCT 4 ft 2 /s 
v = 0.167xlCT 3 ft 2 /s 

The saturation pressure of water at 70°F is 
P sat @ 7 o°F = 0.3632 psia. Properties of 

water at 80°F are hj g = 1048Btu/lbm and 

P v = 0.5073 psia (Table A-9). The gas 

constant of water is R water = 0.5957 
psia.ftVlbm.R (Table A-1E). The 
emissivity of water is 0.95 (Table A- 18). 

The mass diffusivity of water vapor in air 
at the average temperature of 75 °F = 535 
R = 297.2 K is determined from Eq. 14-15 
to be 


Air, 70°F 
1 atm 
100% RH 



T 

A SUIT 


=60°F 


40 mph 

^ (2evap Qnxd (2conv 



Dab - ^HoO-air - 1-87x10 


-10 


T 


2.072 


P 


= 1.87x10 


-10 


(297.2K) 


2.072 


latm 


= 2.49xlCT 5 m 2 /s = 2.68xlCT 4 ft 2 /s 


Analysis (a) The pond surface can be treated as a flat surface. The Reynolds number for flow over a flat 
surface is 


„ VL (40 x 5280 / 3600ft/s)(l 00 ft) _ . 

Re = — = — = 3.51x10 

v 0.167 xl0 _3 ft 2 /s 


which is much larger than the critical Reynolds number of 500,000. Therefore, the air flow over the pond 
surface is turbulent, and the Nusselt number and the heat transfer coefficient are determined to be 

Nu = 0.037 Re L 08 Pr 1/3 = 0.037(3.51xl0 7 )°' 8 (0.7298) 1/3 =36,212 

Nu k (36,212)(0.01469 Btu/h- ft -°F) 


h 


heat 


L 


100 ft 


= 5.32 Btu/h- ft z -°F 


Then the rate of heat transfer from the air to the water by forced convection becomes 

0 conv = h com A s (T <X) -T s ) = (5.32Btu/h -ft 2 • °F)( 10,000 ft 2 )(80-70)°F = 532,000 Btu/h (to water) 
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(b) Noting that the emissivity of water is 0.95 and the surface area of the pool is 

2 

A s = (100 ft)( 1 00 ft) = 10,000 ft , heat transfer from the top surface of the pool by radiation is 


0 rad = eA s a(T s 4 -T*„) = (0.95)(10,000ft 2 )(0.1714xl0“ 8 Btu/h -ft 2 -R 4 )[(540R) 4 -(520 R) 4 ] = 194,000 Btu/h 


(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 


Sc = 


v 0.167 xl(T 3 ft 2 /s 


D 


ab 2.68 xlO -4 ft 2 /s 


= 0.623 


Then utilizing the analogy between heat and mass convection, the Sherwood number is determined by 
replacing Pr number by the Schmidt number to be 

Sh = 0.037 Re L 0 ' 8 Sc 1/3 = 0.037(3.51xl0 7 )°' 8 (0.623) 1/3 =34,350 

Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


h 


Sh D ab (34,350)(2.68xl0' 4 ft 2 /s) 


mass 


D 


100ft 


= 0.092 lft/s 


The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation 
pressure of water at the surface temperature (P v , s = 0.5073 psia at 80°F). The humidity of air is given to be 
100%, and thus the air far from the water surface is also saturated. Therefore, 

P v ,cc = ^sat@ 70 °F =0.3632 psia. 


Treating the water vapor as an ideal gas, the vapor densities at the water-air interface and far from the 
surface are determined to be 

At the surface : p v s = — = — = 0.00158 lbm/ft 3 

’ RJs (0.5957 psia • ft 3 /lbm • R)(80 + 460) R 


P, 


V,oo 


0.3632 psia 


Away from the surface: p rX) - 

K 1 ’* (0.5957 psia Tt J /lbm-R)(70 + 460) R 

Then the evaporation rate and the rate of heat transfer by evaporation become 

m v =h m .^A s (p vs -p Vt00 ) = (0. 0921 ft/s)(10, 000 ft 2 )(0. 00158 -0.001 15) lbm/ft 3 
= 0.396 lbm/s = 1426 lbm/h 


= 0.001 15 lbm/ft 


and 


Gevap = m v h fg = (1426 lbm/h) (1048 Btu/lbm) = 1,494,000 Btu/h 

Discussion All of the quantities calculated above represent heat loss for the pond, and the total rate of heat 
loss from the open top surface of the pond to the surrounding air and surfaces is 

Q , = Q +Q + Q = 194,000 + 532,000 + 1,494,000 = 2,220,000 Btu/h 

^ total, top ^rad ^conv ^evap 

This heat loss will come from the deeper parts of the pond, and thus the pond will start cooling unless it 
gains heat from the sun or another heat source. Note that the evaporative heat losses dominate. Also, the 
rate of evaporation could be determined almost as accurately using mass fractions of vapor instead of vapor 
fractions and the average air density from the relation m evap = h ma&s pAfw As - w Ax ) . 
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14-1 45E The top section of a solar pond is maintained at a constant temperature. The rates of heat loss from 
the top surface of the pond by radiation, natural convection, and evaporation are to be determined. 

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colbum analogy between heat and 
mass transfer is applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated 
air at 90°F). 2 Both air and water vapor at specified conditions are ideal gases (the error involved in this 
assumption is less than 1 percent). 3 The water in the pool is maintained at a uniform temperature of 90°F. 

4 The critical Reynolds number for flow over a flat surface is 500,000. 


Properties The air-water vapor mixture is assumed 
to be dilute, and thus we can use dry air properties 
for the mixture at the average temperature of 
(^ + T s ) / 2 = (70+90)/2 = 80°F. The properties of 

dry air at 80°F and 1 atm are, from Table A-15E, 


Air, 70°F 
1 atm 
100% RH 



r surr =60°F 


k = 0.0148 1 Btu/h • ft • °F 
Pr = 0.7290 

a =2.328 xl(T 4 ft 2 /h 

v = 1.697 xlCT 4 ft 2 /s 

The saturation pressure of water at 70°F is 
P sat @ 7 o o F = 0.3632 psia. Properties of water at 

90°F are hj g =1043Btu/lbm and 

P v = 0.6988 psia (Table A-9). The gas 

constant of water is R water = 0.5957 
psia.ftVlbm.R (Table A- IE). The emissivity of 
water is 0.95 (Table A- 18). The mass 
diffusivity of water vapor in air at the average 
temperature of 80°F = 540 R = 300 K is 
determined from Eq. 14-15 to be 


40 mph 

^ Qev ap (2rad Qconv 



Y 2.072 (300K) 2-072 

d ab = d ho air = l-87xl(T 10 = 1.87 X 1(T 10 = 2.54x 1(T 5 m 2 /s = 2.73x 1(T 4 ft 2 /s 

2 P latm 


Analysis (a) The pond surface can be treated as a flat surface. The Reynolds number for flow over a flat 
surface is 

VL (40 x 5280 / 3600ft/s)(100 ft) _ . 

Re = = — = 3.46 x 10 

V 1.697 xlCT 4 ft"/s 

which is much larger than the critical Reynolds number of 500,000. Therefore, the air flow over the pond 
surface is turbulent, and the Nusselt number and the heat transfer coefficient are determined to be 

Nu = 0.037 Re L °' 8 Pr 1/3 = 0.037(3.46 x 10 7 ) 0 ' 8 (0.7290) 1/3 =35.785 

, Nu k (35,785X0.01481 Btu/h- ft -°F) , u ft2 oc 

hur-M = = = 5.30 Btu/h -ft °F 

L 100 ft 

Then the rate of heat transfer from the air to the water by forced convection becomes 
0 conv = h com A s (T y -T s ) = (5. 30 Btu/h • ft 2 • °F)( 10,000 ft 2 )(90 - 70)°F = 1,060,000 Btu/h (to water) 

(. b ) Noting that the emissivity of water is 0.95 and the surface area of the pool is 
t 2 

A s = (100 ft)( 1 00 ft) = 10,000 ft , heat transfer from the top surface of the pool by radiation is 
0 rad = M,cr(7; 4 -r^ rr ) = (0.95)(10,000ft 2 )(0.1714xl0“ 8 Btu/h -ft 2 -R 4 )[(550R) 4 -(520 R) 4 ] = 299,400 Btu/h 
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(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the 
same way by replacing Pr by Sc. The Schmidt number is determined from its definition to be 


Sc = 


v 1.697 xl0“ 4 ft 2 /s 


D 


ab 2.73xl0 -4 ft 2 /s 


= 0.622 


Then utilizing the analogy between heat and mass convection, the Sherwood number is determined by 
replacing Pr number by the Schmidt number to be 

Sh = 0.037 Re L a8 Sc 1/3 = 0.037(3.46 xlO 7 ) 0 ' 8 (0.622) 1/3 =33,940 

Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


Sh D ab (33,940)(2.73xl 0~ 4 ft 7 s) 


h 


mass 


D 


100ft 


= 0.0927 ft/s 


The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation 
pressure of water at the surface temperature (P v , s = 0.6988 psia at 90°F). The humidity of air is given to be 
100%, and thus the air far from the water surface is also saturated. Therefore, 

^v,oo = ^sat@ 70 °F =0.3632 psia. 

Treating the water vapor as an ideal gas, the vapor densities at the water-air interface and far from the 
surface are determined to be 

At the surface: p s , = — — — = — = 0.00213 lbm/ft 3 

’ R V T S (0.5957 psia- ft 3 /lbm-R)(90 + 460) R 


Away from the surface: 


Pv, OO 


V,00 

R V T X 


0.3632 psia 

(0.5957 psia • ft 3 /lbm- R)(70+ 460) R 


0.001 15 lbm/ft 3 


Then the evaporation rate and the rate of heat transfer by evaporation become 

m y =h mass A s (p VtS - a % 00 ) = (0.0927 ft/s)( 10,000 ft : 2 )(0.002 13 -0.001 15) lbm/ft ; 3 
= 0.908 lbm/s = 3269 lbm/h 

and Gevap = ™vhfg = (3269 lbm/h)(1043 Btu/lbm) = 3,410,000 Btu/h 


Discussion All of the quantities calculated above represent heat loss for the pond, and the total rate of heat 
loss from the open top surface of the pond to the surrounding air and surfaces is 

Q , = Q +Q + Q = 299,400 + 1,060,000 + 3,410,000 = 4,769,400 Btu/h 

^ total, top ^rad ^conv ^evap ’ ’ ’ ’ 

This heat loss will come from the deeper parts of the pond, and thus the pond will start cooling unless it 
gains heat from the sun or another heat source. Note that the evaporative heat losses dominate. Also, the 
rate of evaporation could be determined almost as accurately using mass fractions of vapor instead of vapor 
fractions and the average air density from the relation m evap = h nrdSS pA(w A v - w A x ) . 
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14-146 Liquid toluene evaporates into air from the open-top of a cylindrical container. The concentration of 
toluene at a certain location is to be determined. 


Properties The molar mass of toluene is 92 kg/kmol. The diffusion coefficient of toluene at 25 °C is given 
to be D ab = 0.084 xl0~ 4 m 2 /s. 

Analysis The vapor pressure of toluene is 
10 mmHg 


Pa , o ~ 


(101,325 kPa) = 1333 Pa 


760 mmHg 
The rate of evaporation can be expressed by 


0.060 kg/day • 7r(0.2 m) 


= N 


A 


(92 kg/kmol) 


24x3600s/day 4 

The diffusion coefficient at 6.4°C is determined from 


+ N a = 2.40 xlO -7 kmol/m 2 -s 


D ab = (0.084xl0 -4 m 2 /s) 


6.4 + 273 
25 + 273 


A 


1.5 


= 7.63 xlO -6 m 2 /s 


The vapor pressure of toluene at 10 mm above the surface is determined from 

f r, \ 


2.40 xlO -7 kmol/m 2 - s = 


D A rP 

N a 


LR.T 


P-P 


A,L 


V 


P-P 


A, 0 


(7.63 xlO" 6 m 2 /s)(101,325 Pa) 

(0.010 m)(83 14 Pa • m 3 /kmol • K)(6.4 + 273 K) 


In 


101,325 -P AL 
101,325-1333 


P AL = 609.3 Pa 

Then the concentration of toluene is determined to be 


^ Pax .. 

C a i — Af — 
’ R U T 


609.3 Pa 


(83 14 Pa • m /kmol • K)(6.4 + 273 K) 


(92 kg/kmol) = 0.0241 kg/m 3 = 24.1 g/m' 
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14-147 A sphere of crystalline sodium chloride (NaCl) was suspended in a stirred tank filled with water. 
The average mass transfer coefficient is to be determined. 

Assumptions 1 The properties of NaCl are constant. 

Properties The density of NaCl and its solubility in water at 20°C are given to be 2160 kg/m and 320 

o # 

kg/m , respectively. 

Analysis The initial diameter of the sphere is 

3 3 

m x = pi/ = p — >0.100 kg = (2 1 60 kg/m 3 ^ >D X = 0.04455 m 

6 6 

The final diameter of the sphere is 

m 2 = pV = p >( 0.90)(0. 100 kg) = (2160 kg/m 3 ) — >D 2 = 0.04301m 

6 6 


The rate of mass change is 

m x - m 2 (0. 100 - 0.090) kg 


m = 


= 1.667 xl0~ 5 kg/s 


At 10x60s 

The average surface area is 


„ ttDPttDI ^(0.04455 m) 2 + ^(0.04301 m) 2 £ ^ ln _ 3 2 

A = = = 6.023x10 m 

2 2 

The mass transfer coefficient is determined from 


h 


m 


-5 


1.667 xl0' J kg/s 


mass 


A s Ap A (6.023x 10~ 3 m 2 )(320-0)kg/m 


= 8.65 x 10 6 m/s 
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14-148 Benzene-free air flows in a tube whose inner surface is coated with pure benzene. The average mass 
transfer coefficient, the molar concentration of benzene in the outlet air, and the evaporation rate of 
benzene are to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable. 
2 The flow is fully developed. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 
specified temperature of 25 °C and 1 atm, for which v = 1.562 x 10 m /s (Table A- 15). The mass 

—5 2 

diffusivity of benzene in air at 298 K is D AB = 0.88 x 10 m /s (Table 14-2). The molar mass of benzene 
is 78 kg/kmol. 

Analysis (a) The Reynolds number of the flow is 


Re = 


VD _ (5 m/s) (0.05 m) 
V 1.562xlCT 5 m 2 /s 


= 16,005 


which is greater than 10,000 and thus the flow 
is turbulent. The Schmidt number in this case is 


Sc = 


v 1.562xl0 -5 m 2 /s 



D 


ab 0.88x10 5 m 2 /s 


= 1.775 


Therefore, the Sherwood number in this case is determined from Table 14-13 to be 
Sh =0.023 Re 08 Sc 0 ' 4 = 0.023(l 6,005 ) 08 (l .775) 04 =66.8 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


h 


Sh D ab (66.8)(0.88xl(T 5 m 2 /s) 


mass 


D 


0.05 m 


= 0.0118 m/s 


(b) The molar concentration of benzene in the outlet air is determined as follows 

C s =^- = 13kPa = 5.25xl0“ 3 kmol/m 3 

RJ (8.3 14 kPa • m 3 /kmol • K)(25 + 273 K) 


VA C (C out C in ) h rna ss A 


(C S C in ) (C s C out ) 


In 


r c -C A 

^ s ^ in 

C -C 

V ^ out J 


(5)(^ x 0.05 2 / 4 )(C„ M/ - 0) = (0.0 1 1 8)(^ x 0.05 x 6) 


(5 .25 x 1 0 “ 3 - 0) - (5 .25 x 1 0 " 3 - C out ) 


In 


5.25 xlO -3 -0 


5.25x10 “ 3 -C 


out J 


■> C out =3.56x10 3 kmol/m 3 


(c) The evaporation rate of benzene is determined from 

m eva p = MVA C (C out -C in ) 

= (78 kg/kmol)(5 m/s) — X ^ (3.56 x 10~ 3 kmol/m 3 -0) 

4 

= 2.73xl(T 3 kg/s = 9.81 kg/h 
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14-149 The liquid layer on the inner surface of a circular pipe is dried by blowing air through it. The 
average mass transfer coefficient, log-mean driving force for mass transfer (in molar concentration units, 
the evaporation rate, and the tube length are to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 325 K). 2 The flow is 
fully developed. 

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the 

specified temperature of 52°C and 1 atm, for which v = 1.818 x 10 m /s (Table A- 15). The mass 
diffusivity of water vapor in air at 52+273 = 325 K is determined from Eq. 14-15 to be 

2.072 


Dab -^H 2 o-air -1-87x10 


-10 


T 


= 1.87 x 10 


-10 


(325 K) 


2.072 


1 


P 


= 3.00xicr 5 m 2 /s 



Wet pipe 


Analysis (a) The Reynolds number of the flow is 


Re = 


VD _ (5 m/s)(0.05 m) 
v 1.818xl0" 5 m 2 /s 


= 13,750 


1 


Air, 52°C 
1 atm, 5 m/s 


which is greater than 10,000 and thus the flow is turbulent. The Schmidt number in this case is 
v 


Sc = 


1.818xl0 -5 m 2 /s 


D 


AB 


3.00xl0“ 5 m 2 /s 


= 0.606 


Therefore, the Sherwood number in this case is determined from Table 14-13 to be 
Sh =0.023 Re 0 ' 8 Sc 0 ' 4 = 0.023(l3,750)°' 8 (0.606) 0 ' 4 = 38.5 
Using the definition of Sherwood number, the mass transfer coefficient is determined to be 


h 


Sh D ab (38.5)(3.00x 10~ 5 m 2 /s) 


mass 


= 0.0231m/s 


D 0.05 m 

(b) The log-mean driving force for mass transfer (in molar concentration units) is determined as follows 


C,„ = — 


13.6 kPa 


w 


C.V. = 


in 


r 

^ out 


RJ (8.314 kPa • m 3 /kmol • K)(325 K) 
P v _ 0.1x13.6 kPa 

RJ (8.314 kPa • m 3 /kmol • K)(325 K) 
R, 10.0 kPa 


A C = 


R U T (8.314 kPa • m 3 /kmol • K)(325 K) 
(C w — C in ) — (C w — C out ) 


= 5.03 xlO -3 kmol/m 3 


= 5.03 xl0~ 4 kmol/m 3 


= 3.70xl0~ 3 kmol/m 3 


In 


r c -C ^ 

^ w ^ in 

C -C 

V w ^ out J 


(5.03xl0~ 3 -0.503xl0+-(5.03xl0~ 3 -3.70 x10+ 


In 


/ 5.03xlQ~ 3 -0,503xlQ~ 3 ^ 
v 5.03 xl0~ 3 -3.70xl0~ 3 j 

(c) The evaporation rate is determined from 

m evap = MVA C (C out - C in ) = (18 kg/kmol)(5 m/s) 

= 5.65 xlO -4 kg/s = 2.03 kg/h 

(d) The tube length is determined from 


= 2.61x10 3 kmol/m 3 


^■(0.05 m) 


(3.70 xl0“ 3 - 0.503 xl0"°) kmol/m 


-3 


m 


5.65 xlQ- 4 kg/s 
1 8 kg/kmol 


evap 


M 


~ fl mass AAC -V 


= (0.0231 m/s)^(0.05 m)L(2.6lxl() 3 kmol/m') — > L = 3.31 m 
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14-150 Liquid n-octane evaporates in a vertical tube subjected to cross flow of air. The mass diffusivity of 
n-octane is to be determined. 

Properties The molar mass of n-octane is 1 14 kg/kmol. 

Analysis The rate of evaporation of n-octane is 

0.001kg 


m 


m = 


= 7.31xl(T 9 kg/s 


At 38x3600s/day 


,-9 


A > m/M (7.31x10 kg/s)/(l 14 kg/kmol) , 1# 2 

N = = = 3.26x10 kmol/m • s 


A 


^■(0.05 m) 
4 


The mass diffusivity of n-octane is determined from 


n a = 


3.26x10 x kmol/m 2 *s = 


P*ab r 

LRJ 


In 


P-P 


A,L 


P-P , 


A,0 j 

D ab (101.3 kPa) 


In 


(0. 10 m)(8.3 14 kPa • m J /kmol • K)(293) 


101.3-0 

101.3-1.41 


-> D ab =5.6x 10 6 m 2 /s 


14-151 A sphere of ice is exposed to wind. The ice evaporation rate is to be determined. 

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable 
since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The flow is 
fully developed. 

Properties The properties are given in problem statement. 

Analysis The Reynolds and Schmidt numbers are 

D VD (50 / 3.6 m/s)(0.05 m) ^ in6 
Re = = — = 5.26x10 

1.32xl0 -7 m 2 /s w 


Sc = 


v 

v 


D 


AB 


1.32xlCT 7 m 2 /s 
2.5xl0~ 5 m 2 /s 


= 5.28x10 


-3 



The Sherwood number is 


Sh = 


4 + 1.21(Re Sc) 


2/3 


0.5 


4 + 1.21 


-3 


(5.26x10 )(5. 28x10 ) 


2/3 


“ 1 0.5 


= 33.4 


Using the definition of Sherwood number, the mass transfer coefficient is determined to be 

, Sh£> AB (33.4X2.5 Xl0- 5 m 2 /s) nnl ^ , 

= = = 0.0167 m/s 

D 0.05 m 

The evaporation rate is determined as follows: 


N = AC = h 


'mass 


mass 


r Pa , 0 P A,L ^ 

K R u T R u T j 


= h 


P 


mass 


R..T 


( 1 - 0 . 1 ) 


= (0.0167 m/s) 


0.56 kPa 


(8.3 14 kPa • m /kmol • kg)(272 K) 


(l - 0. l) = 3.72 x 10" 6 kmol/m 2 • s 


m ev ap - NMA = (3.72 x 10 6 kmol/m 2 • s)(l 8 kg/kmol) 


^■(0.05 m) 


= 5.26 xl0~ 7 kg/s = 1.9 g/h 
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Fundamentals of Engineering (FE) Exam Problems 


14-152 When the is unity, one can expect the momentum and mass transfer by diffusion to be the 

same. 

(a) Grashof (b) Reynolds (c) Lewis (d) Schmidt (e) Sherwood 

Answer (d) Schmidt 


14-153 The basic equation describing the diffusion of one medium through another stationary medium is 


(a) j A = -CD 


d(C A /C) 


AB 


>C) j A = -k 


dx 

d(C A /C) 
dx 


0 3 ) J a ~ D A b 
dT 


d(C A / C) 
dx 


(d) j A = -k 


dx 


e) None of them 


Answer (a) j A = -CD AB 


d{C A !C) 
dx 


14-154 For the absorption of a gas, like carbon dioxide, into a liquid, like water, Henry’s law states that 
partial pressure of the gas is proportional to the mole fraction of the gas in the liquid-gas solution with the 
constant of proportionality being Henry’s constant. A bottle of soda pop (C0 2 -H 2 0) at room temperature 
has a Henry’s constant of 17,100 kPa. If the pressure in this bottle is 120 kPa and the partial pressure of the 
water vapor in the gas volume at the top of the bottle is neglected, the concentration of the C0 2 in the liquid 
H 2 0 is 

(a) 0.003 mol-C0 2 /mol (b) 0.007 mol-C0 2 /mol (c) 0.013 mol-C0 2 /mol 

(d) 0.022 mol-C0 2 /mol (e) 0.047 mol-C0 2 /mol 


Answer (b) 0.007 mol-C0 2 /mol 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

H=1 7.1 [MPa] 

P=0.120 [MPa] 
y=P/H 
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14-155 A recent attempt to circumnavigate the world in a balloon used a helium filled balloon whose 
volume was 7240 m and surface area was 1800 m . The skin of this balloon is 2 mm thick and is made of 
a material whose helium diffusion coefficient is 1x10" nr/s. The molar concentration of the helium at the 
inner surface of the balloon skin is 0.2 kmol/m and the molar concentration at the outer surface is 
extremely small. The rate at which helium is lost from this balloon is 

(a) 0.26 kg/h (b) 1.5 kg/h (c) 2.6 kg/h (d) 3.8 kg/h (e)5.2kg/h 


Answer (c) 2.6 kg/h 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


Ci=0.2 [kmol/m A 3] 
Co=0 [kmol/m A 3] 
D=1 E-9 [m A 2/s] 
L=0.002 [m] 

M=4 [kg/kmol] 

A=1 800 [m A 2] 

Ndot=D*A*(Ci-Co)/L 

Mdot=Ndot*M*3600 


14-156 A rubber object is in contact with nitrogen (N 2 ) at 298 K and 250 kPa. The solubility of nitrogen 
gas in rubber is 0.00156 kmol/m 3 bar. The mass density of nitrogen at the interface is 

(a) 0.049 kg/m 3 ” (b) 0.064 kg/m 3 (c) 0.077 kg/m 3 (d) 0.092 kg/m 3 (e) 0.109 kg/m 3 
Answer (e) 0.109 kg/m 3 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=298 [K] 

P_N2_gasside=250 [kPa]*Convert(kPa, bar) 

S=0.001 56 [kmol/m A 3-bar] 'Table 14-7" 

C_N2_solidside=S*P_N2_gasside 

M_N2=MolarMass(N2) 

rho N2 solidside=C N2 solidside*M N2 
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14-157 Nitrogen gas at high pressure and 298 K is contained in a 2-m x 2-m x 2-m cubical container made 
of natural rubber whose walls are 4 cm thick. The concentration of nitrogen in the rubber at the inner and 
outer surfaces are 0.067 kg/m and 0.009 kg/m , respectively. The diffusion coefficient of nitrogen through 
rubber is 1.5x10" m /s. The mass flow rate of nitrogen by diffusion through the cubical container is 

(a) 8.24xlO" 10 kg/s (b) 1.35xl0" 10 kg/s (c) 5. 22x1 0" 9 kg/s (d) 9.7 lx 10‘ 9 kg/s (e) 3. 58x1 0" 8 kg/s 


Answer (c) 5.22x10 9 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


s=2 [m] 

L=0.04 [m] 

rho_A_1 =0.067 [kg/m A 3] 
rho_A_2=0.009 [kg/m A 3] 


A=6*s A 2 

D_AB=1 .5E-10 [m A 2/s] "Table 14-3b" 
m_dot_diff=D_AB*A*(rho_A_1-rho_A_2)/L 


14-158 Carbon at 1273 K is contained in a 7-cm-inner-diameter cylinder made of iron whose thickness is 
1 .2 mm. The concentration of carbon in the iron at the inner surface is 0.5 kg/m 3 and the concentration of 
carbon in the iron at the outer surface is negligible. The diffusion coefficient of carbon through iron is 
3x10" m Is. The mass flow rate carbon by diffusion through the cylinder shell per unit length of the 
cylinder is 

(a) 2.8xl0" 9 kg/s (b) 5.4xl0" 9 kg/s (c) 8.8xl0" 9 kg/s (d) 1.6xl0' 8 kg/s (e) 5.2xl0" 8 kg/s 


Answer (a) 2.8xl0" 9 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=1 273 [K] 

D_i=0.07 [m] 

D_o=D_i+2*0.001 2 [m] 
rho_A_1=0.5 [kg/m A 3] 
rho_A_2=0 [kg/m A 3] 

D_AB=3.0E-1 1 [m A 2/s] 'Table 14-3b" 

r_1=DJ/2 

r_2=D_o/2 

L=1 [m] 

m_dot_diff=2*pi*L*D_AB*(rho_A_1 -rho_A_2)/ln(r_2/r_1 ) 
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14-159 The surface of an iron component is to be hardened by carbon. The diffusion coefficient of carbon 
in iron at 1000°C is given to be 3x10" m7s. If the penetration depth of carbon in iron is desired to be 1.0 
mm, the hardening process must take at least 

(a) 1.10 h (b) 1.47 h (c)1.86h (d) 2.50 h (e) 2.95 h 


Answer (e) 2.95 h 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

D_AB=3E-1 1 [m A 2/s] 
delta_diff=1 E-3 [m] 
delta_diff=sqrt(pi*D_AB*t) 
t_hour=t*Convert(s, h) 


14-160 Saturated water vapor at 25°C (P sat = 3.17 kPa) flows in a pipe that passes through air at 25°C with a 
relative humidity of 40 percent. The vapor is vented to the atmosphere through a 7-mm-intemal diameter 

- co 

tube that extends 10 m into the air. The diffusion coefficient of vapor through air is 2.5x10" nr/s. The 
amount of water vapor lost to the atmosphere through this individual tube by diffusion is 

(a) 1.02xl0" 6 kg (b) 1.37xl0' 6 kg (c) 2.28xl0" 6 kg (d) 4.13xl0" 6 kg (e) 6.07x1 O' 6 kg 

Answer (b) 1.37xl0" 6 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=25 [C] 
phi=0.40 
D=0.007 [m] 

L=1 0 [m] 

D_AB=2.5E-5 [m A 2/s] "Table 14-2” 

P_A_0=pressure(steam_iapws, x=1 , T=T) "pressure of vapor at x=0" 

P_A_L=phi*P_A_0 "pressure of vapor at x=L=10 m" 

A=pi*D A 2/4 

R_u=8.31 4[kPa-m A 3/kmol-K] 

N_dot_vapor=(D_AB*A)/(R_u*T)*(P_A_0-P_A_L)/L 

MM=MolarMass(H20) 

m_dot_vapor=N_dot_vapor*MM 

time=24*3600 [s] 

m_vapor=m_dot_vapor*time 

"Some Wrong Solutions with Common Mistakes" 

W_P_A_L=0 "Taking the vapor pressure at air side zero" 
W_N_dot_vapor=(D_AB*A)/(R_u*T)*(P_A_0-W_P_A_L)/L 
W_m_dot_vapor=W_N_dot_vapor*MM 
W_m_vapor=W_m_dot_vapor*time 
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14-161 Air flows in a 4-cm-diameter wet pipe at 20°C and 1 atm with an average velocity of 4 m/s in order 
to dry the surface. The Nusselt number in this case can be determined from Nu = 0.023 Re 0 ' 8 Pr 0-4 where 
Re = 10,550 and Pr = 0.731. Also, the diffusion coefficient of water vapor in air is 2.42x10" m7s. Using 
the analogy between heat and mass transfer, the mass transfer coefficient inside the pipe for fully developed 
flow becomes 

(a) 0.0918 m/s (b) 0.0408 m/s (c) 0.0366 m/s (d) 0.0203 m/s (e) 0.0022 m/s 


Answer (d) 0.0203 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


D=0.04 [m] 

T=20[C]+273 [K] 

P=1 [atm] 

V=4 [m/s] 

Re=10550 

Pr=0.731 

D_AB=2.42E-5 [m A 2/s] 

Nus=0.023*Re A 0.8*Pr A 0.4 "Table 14-13" 

Sh=Nus 

h_mass=(Sh*D_AB)/D 

"Some Wrong Solutions with Common Mistakes" 
W_Sh=3.66 "Considering laminar flow" 
W_h_mass=(W_Sh*D_AB)/D 


14-162 Air flows through a wet pipe at 298 K and 1 atm, and the diffusion coefficient of water vapor in air 
is 2.5x10" m7s. If the heat transfer coefficient is determined to be 35 W/nr-°C, the mass transfer 
coefficient is 

(a) 0.0326 m/s (b) 0.0387 m/s (c) 0.0517 m/s (d) 0.0583 m/s (e) 0.0707 m/s 


Answer (a) 0.0326 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 

T=298 [K] 

P=1 [atm] 

h_heat=35 [W/m A 2-C] 

D_AB=2.5E-5 [m A 2/s] "Table 14-2" 

rho=1 .1 84 [kg/m A 3] 

c_p=1 007 [J/kg-C] 

alpha=2.141 E-5 [m A 2/s] 

h_heat=h_mass*rho*c_p*(alpha/D_AB) A (2/3) 
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14-163 A natural gas (methane, CH 4 ) storage facility uses 3 cm diameter by 6 m long vent tubes on its 
storage tanks to keep the pressure in these tanks at atmospheric value. If the diffusion coefficient for 
methane in air is 0.2x1 O' 4 m 2 /s and the temperature of the tank and environment is 300 K, the rate at which 
natural gas is lost from a tank through one vent tube is 

(a) 13xl0' 5 kg/day (b) 3.2xl0' 5 kg/day (c) 8.7xl0 -5 kg/day (d) 5.3xl0~ 5 kg/day (e) 0.12xl0' 5 kg/day 


Answer (a) 13x1 O’ 5 kg/day 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. 


d=0.03 [m] 

L=6 [m] 

D_AB=0.2E-4 [m A 2/s] 

R=1 01 [kPa] 

T=300 [K] 

M=1 6 [kg/kmol] 

A=pi*d A 2/4 

Ndot=(D_AB*A/(R#*T))*(P/L) 
Mdot=Ndot*M*Convert(day, s) 


14-164 .... 14-168 Design and Essay Problems 
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Chapter 15 

COOLING OF ELECTRONIC EQUIPMENT 


15-1 


Introduction and History 

15- 1C The invention of vacuum diode started the electronic age. The invention of the transistor marked the 
beginning of a revolution in that age since the transistors performed the functions of the vacuum tubes with 
greater reliability while occupying negligible space and consuming negligible power compared to the 
vacuum tubes. 


15-2C Integrated circuits are semiconductor devices in which several components such as diodes, 
transistors, resistors and capacitors are housed together. The initials MSI, LSI, and VLSI stand for medium 
scale integration, large scale integration, and very large scale integration, respectively. 


15-3C The electrical resistance R is a measure of resistance against current flow, and the friction between 
the electrons and the material causes heating. The amount of the heat generated can be determined from 

Ohm’s law, W = I 2 R . 


15-4C The electrical energy consumed by the TV is eventually converted to heat, and the blanket wrapped 
around the TV prevents the heat from escaping. Then the temperature of the TV set will have to start rising 
as a result of heat build up. The TV set will have to burn up if operated this way for a long time. However, 
for short time periods, the temperature rise will not reach destructive levels. 


15-5C Since the heat generated in the incandescent light bulb which is completely wrapped can not escape, 
the temperature of the light bulb will increase, and will possibly start a fire by igniting the towel. 


15-6C When the air flow to the radiator is blocked, the hot water coming off the engine cannot be cooled, 
and thus the engine will overheat and fail, and possible catch fire. 


15-7C A car is much more likely to break since it has more moving parts than a TV. 


15-8C Diffusion in semi-conductor materials, chemical reactions and creep in the bending materials cause 
electronic components to fail under prolonged use at high temperatures. 
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15-2 


15-9 The case temperature of a power transistor and the 
junction-to-case resistance are given. The junction 
temperature is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis The rate of heat transfer between the 
junction and the case in steady operation is 


Q = 


' AT ^ 

D 

V J junction-case 


T - T 

junction case 


R 


junction -case 



Then the junction temperature is determined to be 

T junction = T case +QR junction - case = 60°C + (12 W)(5°C/W) = 120°C 


15-10 The power dissipated by an electronic component 
as well as the junction and case temperatures are 
measured. The junction-to-case resistance is to be 
determined. 

Assumptions Steady operating conditions exist. 

Analysis The rate of heat transfer from the component is 

W e — Q — V/ = (12 V)(0.15 A) = 1.8 W 

Then the junction-to-case thermal resistance of this 
component becomes 

n _ T junction ~^case _ (80~ 55)°C _ aq QQpAAl 

^ junction— case A i o \\/ 1 o/VV 

( J 1 .o W 




15-11 A logic chip dissipates 6 W power. The amount of heat this chip dissipates during a 10-h period and 
the heat flux on the surface of the chip are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the surface is uniform. 

Analysis ( a ) The amount of heat this chip dissipates 
during an eight-hour workday is 

Q = QAt = (0.006 kW)(8 h) = 0.048 kWh 

(b) The heat flux on the surface of the chip is 

. Q 6 W „ 001A## 2 

q = — = = 18.8 W/cm 

A 0.32 cm 2 
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15-12 A circuit board houses 90 closely spaced logic chips, each dissipating 0.1 W. The amount of heat 
this chip dissipates in 10 h and the heat flux on the surface of the circuit board are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat 
transfer from the back surface of the board is negligible. 

Analysis ( a ) The rate of heat transfer and the amount of heat this 
circuit board dissipates during a ten-hour period are 

Qtotai = (90)(0. 1 W) = 9 W 

Qtotal = Qtotal^ = (0.009 kW)(10 h) = 0.09 kWh 


( b ) The average heat flux on the surface of the circuit board is 


Qtotcil 



9 W 

(15 cm)(20cm) 


= 0.03 W/cm 2 



15-13E The total thermal resistance and the temperature of 
a resistor are given. The power at which it can operate 
safely in a particular environment is to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The power at which this resistor can be operate 
safely is determined from 



T —T 

J resistor 1 ambient 


R 


total 


(360-120)°F 

130°F/W 


= 1.85 W 



15-14 The surface-to-ambient thermal resistance and the surface temperature of a resistor are given. The 
power at which it can operate safely in a particular environment is to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The power at which this resistor can operate 
safely is determined from 



T —T 

± resistor 1 ambient 


R 


total 


(150-30)°C 

300°C/W 


At specified conditions, the resistor dissipates 


0 = 


V 2 _ (7.5 V) 2 
R ~ (100 Q) 


= 0.5625 W 


of power. Therefore, the current operation is not safe. 
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15-15 EES Prob. 15-14 is reconsidered. The power at which the resistor can operate safely as a function of 
the ambient temperature is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

R_electric=100 [ohm] 

R_thermal=300 [C/W] 

V=7.5 [volts] 

T_resistor=150 [C] 

T_ambient=30 [C] 

"ANALYSIS" 

Q_dot_safe=(T_resistor-T_ambient)/R_thermal 


Tambient [C] 

Osafe [W| 

20 

0.4333 

21 

0.43 

22 

0.4267 

23 

0.4233 

24 

0.42 

25 

0.4167 

26 

0.4133 

27 

0.41 

28 

0.4067 

29 

0.4033 

30 

0.4 

31 

0.3967 

32 

0.3933 

33 

0.39 

34 

0.3867 

35 

0.3833 

36 

0.38 

37 

0.3767 

38 

0.3733 

39 

0.37 

40 

0.3667 
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Manufacturing of Electronic Equipment 


15-16C The thermal expansion coefficient of the plastic is about 20 times that of silicon. Therefore, 
bonding the silicon directly to the plastic case will result in such large thermal stresses that the reliability 
would be seriously jeopardized. To avoid this problem, a lead frame made of a copper alloy with a thermal 
expansion coefficient close to that of silicon is used as the bonding surface. 


15-17C The schematic of chip carrier is given 
in the figure. Heat generated at the junction is 
transferred through the chip to the led frame, 
then through the case to the leads. From the 
leads heat is transferred to the ambient or to the 
medium the leads are connected to. 


Lid Junction 



15-18C The cavity of the chip carrier is filled with a gas which is a poor conductor of heat. Also, the case 
is often made of materials which are also poor conductors of heat. This results in a relatively large thermal 
resistance between the chip and the case, called the junction-to-case thermal resistance. It depends on the 
geometry and the size of the chip carrier as well as the material properties of the bonding material and the 
case. 

15-19C A hybrid chip carrier houses several chips, individual electronic components, and ordinary circuit 
elements connected to each other. The result is improved performance due to the shortening of the wiring 
lengths, and enhanced reliability. Lower cost would be an added benefit of multi-chip packages if they are 
produced in sufficiently large quantities. 

15-20C A printed circuit board (PCB) is a properly wired plane board on which various electronic 
components such as the ICs, diodes, transistors, resistors, and capacitors are mounted to perform a certain 
task. The board of a PCB is made of polymers and glass epoxy materials. The thermal resistance between a 
device on the board and edge of the board is called as device-to-PCB edge thermal resistance. This 
resistance is usually high (about 20 to 60 °C/W) because of the low thickness of the board and the low 
thermal conductivity of the board material. 

15-2 1C The three types of circuit boards are the single-sided, double-sided, and multi-layer boards. The 
single-sided PCBs have circuitry lines on one side of the board only, and are suitable for low density 
electronic devices (10-20 components). The double-sided PCBs have circuitry on both sides, and are best 
suited for intermediate density devices. Multi-layer PCBs contain several layers of circuitry, and they are 
suitable for high density devices. They are equivalent to several PCBs sandwiched together. 

15-22C The desirable characteristics of the materials used in the fabrication of circuit boards are: (1) being 
an effective electrical insulator to prevent electrical breakdown, (2) being a good heat conductor to conduct 
the heat generated away, (3) having high material strength to withstand the forces and to maintain 
dimensional stability, (4) having a thermal expansion coefficient which closely matches to that of copper to 
prevent cracking in the copper cladding during thermal cycling, (5) having a high resistance to moisture 
absorption since moisture can effect both mechanical and electrical properties and degrade performance, 

(6) stability in properties at temperature levels encountered in electronic applications, (7) ready availability 
and manufacturability, and, of course (8) low cost. 
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15-23C An electronic enclosure (a case or a cabinet) house the circuit boards and the necessary peripheral 
equipment and connectors. It protects them from the detrimental effects of the environment, and may 
provide a cooling path. An electronic enclosure can simply be made of sheet metals such as thin gauge 
aluminum or steel. 

Cooling Load of Electronic Equipment and Thermal Environment 

15-24C The heating load of an electronic box which consumes 120 W of power is simply 120 W because 
of the conservation of energy principle. 


15-25C Superconductor materials will generate hardly any heat and as a result, more components can be 
packed into a smaller volume, resulting in enhanced speed and reliability without having to resort to some 
exotic cooling techniques. 


15-26C The actual power dissipated by a device can be considerably less than its rated power, depending 
on its duty cycle (the fraction of time it is on). A 5 W power transistor, for example, will dissipate an 
average of 2 W of power if it is active only 40 percent of the time. Then we can treat this transistor as a 2- 
W device when designing a cooling system. This may allow the selection of a simpler and cheaper cooling 
mechanism. 


15-27C The cyclic variation of temperature of an electronic device during operation is called the 
temperature cycling. The thermal stresses caused by temperature cycling undermines the reliability of 
electronic devices. The failure rate of electronic devices subjected to deliberate temperature cycling of 
more than 20 ° C is observed to increase by eight-fold. 


15-28C The ultimate heat sink for a TV is the room air with a temperature range of about 10 to 30°C. For 
an airplane it is the ambient air with a temperature range of about -50°C to 50°C. The ultimate heat sink for 
a ship is the sea water with a temperature range of 0°C to 30°C. 

15-29C The ultimate heat sink for a VCR is the room air with a temperature range of about 10 to 30°C. For 
a spacecraft it is the ambient air or space with a temperature range of about -273°C to 50°C. The ultimate 
heat sink for a communication system on top of a mountain is the ambient air with a temperature range of 
about -20°C to 50°C. 

Electronics Cooling in Different Applications 

15-30C The electronics of short-range missiles do not need any cooling because of their short cruising 
times. The missiles reach their destinations before the electronics reach unsafe temperatures. The long- 
range missiles must be cooled because of their long cruise times (several hours). The electronics in this 
case are cooled by passing the liquid fuel they carry through the cold plate of the electronics enclosure as it 
flows towards the combustion chamber. 

15-3 1C Dynamic temperature is the rise in the temperature of a fluid as a result of the ramming effect or 
the stagnation process. This is due to the conversion of kinetic energy to internal energy which is 

significant at high velocities. It is determined from T dynamic = V I (2c p ) where V is the velocity and c p is 
the specific heat of the fluid. It is significant at velocities above 100 m/s. 
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15-32C The electronic equipment in ships and submarines are usually housed in rugged cabinets to protect 
them from vibrations and shock during stormy weather. Because of easy access to water, water cooled heat 
exchangers are commonly used to cool sea-born electronics. Often air in a closed or open loop is cooled in 
an air-to-water heat exchanger, and is forced to the electronic cabinet by a fan. 

15-33C The electronics of communication systems operate for long periods of time under adverse 
conditions such as rain, snow, high winds, solar radiation, high altitude, high humidity, and too high or too 
low temperatures. Large communication systems are housed in specially built shelters. Sometimes it is 
necessary to air-condition these shelters to safely dissipate the large quantities of heat generated by the 
electronics of communication systems. 

15-34C The electronic components used in the high power microwave equipment such as radars generate 
enormous amounts of heat because of the low conversion efficiency of electrical energy to microwave 
energy. The klystron tubes of high power radar systems where radio frequency (RF) energy is generated 

can yield local heat fluxes as high as 2000 W/cm . The safe and reliable dissipation of such high heat 
fluxes usually require the immersion of such equipment into a suitable dielectric fluid which can remove 
large quantities of heat by boiling. 

15-35C The electronic equipment in space vehicles are usually cooled by a liquid circulated through the 
components where heat is picked up, and then through a space radiator where the waste heat is radiated 
into deep space at 0 K. In such systems it may be necessary to run a fan in the box to circulate the air since 
there is no natural convection currents in space because of the absence of a gravity field. 


15-36 An airplane cruising in the air at a temperature of 
-25°C at a velocity of 850 km/h is considered. The 
temperature rise of air is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis The temperature rise of air (dynamic 
temperature) at this speed is 


T. 


V 2 (850x1000/ 3600 m/s) 


dynamic 


2c 


(2)(1003 J/kg.°C) 


lJ/kg 

(lm 2 /s 2 ) 


= 27.8°C 


V= 850 km/h 



15-37 The temperature of air in the wind at a wind velocity of 90 km/h is 
measured to be 12°C. The true temperature of air is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis The temperature rise of air (dynamic temperature) at this speed is 


T. 


V 2 (90x1000/ 3600 m/s) 


dynamic 


2 c 


p (2)(1005 J/kg.°C) 
Therefore, the true temperature of air is 


1 J/kg 

O m 2 /s 2 ) 


= 0.3°C 


T —T —T — (\ 2-0 3f°C = 11 7°C 

1 true 1 measured 1 dynamic ^ 1,1 v 


Wind 

V= 90 km/h 

> 

— > 

> 

— > 

> 
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15-38 EES Prob. 15-37 is reconsidered. The true temperature of air as a function of the wind velocity is to 
be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

T_measured=12 [C] 

Vel=90 [km/h] 

"PROPERTIES" 

C_p=CP(air, T=T_measured)*Convert(kJ/kg-C, J/kg-C) 

"ANALYSIS" 

T_dynamic=(Vel*Convert(km/h, m/s)) A 2/(2*C_p)*Convert(m A 2/s A 2, J/kg) 
T_true=T_measured-T_dynamic 


Vel [km/h] 

Time [Cl 

20 

11.98 

25 

11.98 

30 

11.97 

35 

11.95 

40 

11.94 

45 

11.92 

50 

11.9 

55 

11.88 

60 

11.86 

65 

11.84 

70 

11.81 

75 

11.78 

80 

11.75 

85 

11.72 

90 

11.69 

95 

11.65 

100 

11.62 

105 

11.58 

110 

11.54 

115 

11.49 

120 

11.45 
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15-39 Air at 25 °C is flowing in a channel. The temperature a stationary probe inserted into the channel will 
read is to be determined for different air velocities. 

Assumptions Steady operating conditions exist. 

Analysis ( a ) The temperature rise of air (dynamic temperature) for an air velocity of 1 m/s is 


T 


V 


(1 m/s) 


dynamic 


2c 


lJ/kg 

Um 2 /s 2 ) 


= 0.0005°C 


„ (2)(1005 J/kg.°C) 

Then the temperature which a stationary probe will read becomes 
T measured = ^ true + T dynamic = 25 + 0.0005 = 25.0005°C 
(b) For an air velocity of 10 m/s the temperature rise is 


T. 


V 


(10 m/s) 


dynamic 


2c p (2)(1005 J/kg.°C) 


f lJ/kg A 
Um 2 /s 2 ) 


= 0.05°C 


Then, 


T measured = T true + T dynamic = 25 + 0.05 = 25.05°C 


(c) For an air velocity of 100 m/s the temperature rise is 


| Air, V 
> r true = 25°C 


■> 


v 


Thermocouple 


T, 


measured 


T. 


V 


(lOOm/s) 


dynamic 


2c p (2)(1005 J/kg.°C) 


lJ/kg 

Um 2 /s 2 J 


= 4.98°C 


Then, T measured = T lrue + T dynamic = 25 + 4.98 = 29.98°C 
id) For an air velocity of 1000 m/s the temperature rise is 


T. 


V 


(1000 m/s) 


dynamic 


2c „ (2)(1005 J/kg.°C) 


lJ/kg 

Vl m 2 /s 2 J 


= 497. 5°C 


Then, 


Tmeasured = T true + T dynamic = 25 + 497 ' 5 = 522.5°C 


15-40 Power dissipated by an electronic device as well as its surface area and surface temperature are 
given. A suitable cooling technique for this device is to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The heat flux on the surface of this electronic device is 


Q 2 W 2 

q = — = = 0.4 W/cm 

A s 5 cm 2 



For an allowable temperature rise of 50°C, the suitable cooling technique for this device is determined from 
Fig. 15-17 to be forced convection with direct air. 
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15-4 IE Power dissipated by a circuit board as well as its surface area 
and surface temperature are given. A suitable cooling mechanism is to 
be selected. 


Assumptions Steady operating conditions exist. 

Analysis The heat flux on the surface of this electronic device is 


<7 = 



20 W 

(6 in x 2.54 cm/in)(8 in x 2.54 cm/in) 


= 0.065 W/cm 2 


For an allowable temperature rise of 80°F, the suitable cooling 
technique for this device is determined from Fig. 15-17 to be natural 
convection with direct air. 



Conduction Cooling 


15-42C The major considerations in the selection of a cooling technique are the magnitude of the heat 
generated, the reliability requirements, the environmental conditions, and the cost. 


15-43C Thermal resistance is the resistance of a materiel or device against heat flow through it. It is 
analogous to electrical resistance in electrical circuits, and the thermal resistance networks can be analyzed 
like electrical circuits. 


15-44C If the rate of heat conduction through a medium Q , and the thermal resistance R of the medium 
are known, then the temperature difference across the medium can be determined from AT = QR . 


15-45C The voltage drop across the wire is determined from AV = IR . The length of the wire is 
proportional to the electrical resistance [ R - L l{pA) ], which is proportional to the voltage drop. Therefore, 
doubling the wire length while the current I is held constant will double the voltage drop. 

The temperature drop across the wire is determined from AT = QR . The length of the wire is 
proportional to the thermal resistance [ R = L !{kA) ], which is proportional to the temperature drop. 

Therefore, doubling the wire length while the heat flow Q is held constant will double the temperature 
drop. 


15-46C A heat frame is a thick metal plate attached to a circuit board. It enhances heat transfer by 
providing a low resistance path for the heat flow from the circuit board to the heat sink. The thicker the 
heat frame, the lower the thermal resistance and thus the smaller the temperature difference between the 
center and the ends of the heat frame. The electronic components at the middle of a PCB operate at the 
highest temperature since they are furthest away from the heat sink. 
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15-11 


15-47C Heat flow from the junction to the body of a chip is three-dimensional, but can be approximated as 
being one-dimensional by adding a constriction thermal resistance to the thermal resistance network. For a 
small heat generation area of diameter a on a considerably larger body, the constriction resistance is given 

by R constriction = 1 K2^[nak) where k is the thermal conductivity of the larger body. The constriction 

resistance is analogous to a partially closed valve in fluid flow, and a sudden drop in the cross-sectional 
area of an wire in electric flow. 


15-48C The junction-to-case thermal resistance of an electronic component is the overall thermal 
resistance of all parts of the electronic component between the junction and case. In practice, this value is 
determined experimentally. When the junction-to-case resistance, the power dissipation, and the case 
temperature are known, the junction temperature of a component is determined from 


T 

junctuon 


~ R case + QR i 


junction-case 


15-49C The case-to-ambient thermal resistance of an electronic device is the total thermal resistance of all 
parts of the electronic device between its outer surface and the ambient. In practice, this value is 
determined experimentally. Usually, manufacturers list the total resistance between the junction and the 
ambient for devices they manufacture for various configurations and ambient conditions likely to be 
encountered. When the case-to-ambient resistance, the power dissipation, and the ambient temperature are 

known, the junction temperature of the device is determined from T junctiion = T ambient + QR junction - ambient 


15-50C The junction temperature in this case is determined from 

R junctiion ~ R ambient Q^R junction-case R case-ambient )• 

When R j Un ction-case > R case-ambient ’ the case temperature will be closer to the ambient temperature. 


15-5 1C The PCBs are made of electrically insulating materials such as glass-epoxy laminates which are 
poor conductors of heat. Therefore, the rate of heat conduction along a PCB is very low. Heat conduction 
from the mid parts of a PCB to its outer edges can be improved by attaching heat frames or clamping cold 
plates to it. Heat conduction across the thickness of the PCB can be improved by planting copper or 
aluminum pins across the thickness of the PCB to serve as thermal bridges. 


15-52C The thermal expansion coefficients of aluminum and copper are about twice as large as that of the 
epoxy-glass. This large difference in the thermal expansion coefficients can cause warping on the PCBs if 
the epoxy and the metal are not bonded properly. Warping is a major concern because it decreases 
reliability. One way of avoiding warping is to use PCBs with components on both sides. 


15-53C The thermal conduction module received a lot of attention from thermal designers because the 
thermal design was incorporated at the initial stages of electrical design. The TCM was different from 
previous chip designs in that it incorporated both electrical and thermal considerations in early stages of 
design. The cavity in the TCM is filled with helium (instead of air) because of its very high thermal 
conductivity (about six times that of air). 
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15-12 


15-54 The dimensions and power dissipation of a chip are given. The junction temperature of the chip is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through various components is one- 
dimensional. 3 Heat transfer through the air gap and the lid on top of the chip is negligible because of the 
very large thermal resistance involved along this path. 

Analysis The various thermal resistances on the path of primary heat flow are 

1 1 


R 


constriction 


2 fnak 2V^(0.5xl(T 3 m)(120 W/m.°C) 


= 4.7°C/W 


R,,.. = — = 


0.5xl0' 3 m 


^chip 


kA (120 W/m.°C)(0.004 x 0.004)m 


L 


R bond ~ “ 


0.05xl0’ 3 m 


kA (296 W/m.°C)(0.004 x 0.004)m 


0.25xl0’ 3 m 


R = ± = 

'frame kA (386 W/m.°C)(0.004 x 0.004)m 


R 


L 


0.3xl0' 3 m 


plastic 


D _ _ 

^ leads ~ 


kA (1 W/m.°C)(18x 0.001 x 0.00025)m 2 
L 


= 0.26°C/W 


= 0.011°C/W 


= 0.04°C/W 


= 66.67°C/W 


6xl0" 3 m 


kA (386 W/m.°C)(18x0.001x0.00025)m 


= 3.45°CAV 


Since all resistances are in series, the total thermal resistance between 
the junction and the leads is determined by simply adding them up 


n _ n 

^ total — ^ junction- lead 

D j D j D I D 

constriction ' ^ chip ' ^ bond ' ^ lead 


frame 

= 4.7 + 0.26 + 0.01 1 + 0.04 + 66.67 + 3.45 
= 75.13°C/W 

Knowing the junction-to-leads thermal 
resistance, the junction temperature is 
determined from 


I D i D 

' ^ plastic ' ^ leads 


R 


leads 


Q = 


T —T 

1 junction 1 leads 

D 

junction -case 


Junction 
R 


constriction 


R 


chip 


R 


bond 


R 


lead frame 


R 


plastic 



T junction ^ leads + Q R junction-case = 50°C + (0.8 W)(75. 13°C/W) = 110.1 °C 
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15-13 


15-55 A plastic DIP with 16 leads is cooled by forced air. Using data supplied by the manufacturer, the 
junction temperature is to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The junction-to-ambient thermal resistance of 
the device with 16 leads corresponding to an air velocity 
of 300 m/min is determined from Fig. 15-23 to be 


R 


junction-ambient 


= 50°C/W 


Air 
25°C 
300 m/min \ 

V 


\ 


\ 


\ 


2 W 


Then the junction temperature becomes 

t - r 

■ junction ambient 

^ n 

^ junction-ambient 


T. 


iimrtinn 


= T, 




+ OR 



= 25°C + (2 W)(50°C/W) = 1 25°C 


When the fan fails the total thermal resistance is determined from Fig. 15-23 by reading the value for zero 
air velocity (the intersection point of the curve with the vertical axis) to be 


R 


jun ction - ambi en t 


= 70°C/W 


which yields 


T —T 

q M junction ± ambient 


n 

^ junction— ambient 


T . = T 

lunrtmn / 




+ OR: 


= 25°C + (2 W)(70°C/W) = 1 65°C 


15-56 A PCB with copper cladding is given. The percentages of heat conduction along the copper and 
epoxy layers as well as the effective thermal conductivity of the PCB are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat conduction along the PCB is one-dimensional 
since heat transfer from side surfaces is negligible. 3 The thermal properties of epoxy and copper layers are 
constant. 


Analysis Heat conduction along a layer is proportional to 
the thermal conductivity-thickness product (kt) which is 
determined for each layer and the entire PCB to be 

(kt) copper = (386 W/m.°C)(0.06xl0' 3 m) = 0.02316 W/°C Q 

(kt) ep^ = (0.26 W/m.°C)(0.5x 10' 3 m) = 0.00013 W/°C “ 

(kt) PCB =(kt) copper +(kt) epoxy =0.02316 + 0.00013 = 0.02329 W/°C 

Therefore the percentages of heat conduction along the 
epoxy board are 


PCB 
12 cm 



\ ) Epoxy 

Copper ) f = o.5 mm 

t = 0.06 mm 




epoxy 


(kt) 

epoxy 

(kt) PCB 


0.00013 W/°C 
0.02316 W/°C 


= 0.0056 = 0.6% 


and f copper =(100- 0.6)% = 99.4% 


Then the effective thermal conductivity becomes 



(fo) epoxy +( kt ) 


copper 


^ epoxy t copper 


(0.02316 + 0.00013) W/°C 
(0.06 + 0.5)xl0 -3 m 


41.6 W/m.°C 
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15-57 EES Prob. 15-56 is reconsidered. The effect of the thickness of the copper layer on the percentage 
of heat conducted along the copper layer and the effective thermal conductivity of the PCB is to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 
length=0.12 [m] 
width=0.12 [m] 
t_copper=0.06 [mm] 
t_epoxy=0.5 [mm] 
k_copper=386 [W/m-C] 
k_epoxy=0.26 [W/m-C] 

"ANALYSIS" 

kt_copper=k_copper*t_copper*Convert(mm, m) 
kt_epoxy=k_epoxy*t_epoxy*Convert(mm, m) 
kt_P C B = kt_co p p e r+ kt_e p oxy 
f_copper=kt_copper/kt_PCB*Convert(, %) 
f_epoxy=100-f_copper 

k_eff=(kt_epoxy+kt_copper)/((t_epoxy+t_copper)*Convert(mm, m)) 


T 

1 copper 

[mm] 

f 

‘copper 

[%] 

k e ff 

[W/mC 

1 

0.02 

98.34 

15.1 

0.025 

98.67 

18.63 

0.03 

98.89 

22.09 

0.035 

99.05 

25.5 

0.04 

99.17 

28.83 

0.045 

99.26 

32.11 

0.05 

99.33 

35.33 

0.055 

99.39 

38.49 

0.06 

99.44 

41.59 

0.065 

99.48 

44.64 

0.07 

99.52 

47.63 

0.075 

99.55 

50.57 

0.08 

99.58 

53.47 

0.085 

99.61 

56.31 

0.09 

99.63 

59.1 

0.095 

99.65 

61.85 

0.1 

99.66 

64.55 



t [mm] 

copper 1 J 
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[3-w/M] 


15-15 


15-58 The heat generated in a silicon chip is conducted 
to a ceramic substrate to which it is attached. The 
temperature difference between the front and back 
surfaces of the chip is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat 
conduction along the chip is one-dimensional. 

Analysis The thermal resistance of silicon chip is 

_ L _ 0.5 x 10' 3 m 

ch ' P kA (130 W/m.°C)(0.006 x 0.006)m 2 



Then the temperature difference across the chip becomes 
AT = QR chip = (3 W)(0.1068°C/W) = 0.32°C 


15-59E The dimensions of an epoxy glass laminate are given. The 
thermal resistances for heat flow along the layers and across the 
thickness are to be determined. 

Assumptions 1 Heat conduction in the laminate is one-dimensional in 
either case. 2 Thermal properties of the laminate are constant. 

Analysis The thermal resistances of the PCB along the 7 in long side 
and across its thickness are 


(a) 


(b) 


R 


along 

length 


L 

kA 


(7/12) ft 


(0. 15 Btu/h.ft.°F)(6/12 ft)(0.05/12 ft) 

= 1867 h.°F/Btu 


R 


across 

thickness 


L 

kA 


(0.05/12) ft 


(0.15 Btu/h.ft.°F)(7/ 1 2 ft)(6/ 1 2 ft) 


= 0.095 h.°F/Btu 
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15-60 Cylindrical copper fillings are 
planted throughout an epoxy glass 
board. The thermal resistance of the 
board across its thickness is to be 
determined. 

Assumptions 1 Heat conduction along 
the board is one-dimensional. 2 
Thermal properties of the board are 
constant. 

Analysis The number of copper 
fillings on the board is 

Area of board 

n = 

Area of one square 

= (150mm)(180mm) _ 300Q 

(3 mm) (3 mm) 


3 mm 



The surface areas of the copper fillings and the remaining part of the epoxy layer are 

A copper = n = (3000) ^ (0 °^ lm) = 0.002356 m 2 

A total = ( length)(width ) = (0. 1 5 m)(0. 1 8 m) = 0.027 m 2 
A epoxy = A total - A copper = 0.027 - 0.002356 = 0.024644 ra 2 

The thermal resistance of each material is 


R 


copper 


R 


epoxy 


L_ 

kA 

L 

kA 


0.0014 m 

(386 W/m.°C)(0.002356m 2 ) 
0.0014m 

(0.26 W/m.°C)(0. 024644 m 2 ) 


0.00154°C/W 
■ 0.2185°C/W 


Since these two resistances are in parallel, the equivalent thermal resistance of the entire board is 
111 1 1 


R 


board 


R 


epoxy 


R copper 0.2185°C/W 0.001 54°C/W 


*R 


board 


0.001 53°C/W 
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15-17 


15-61 EES Prob. 15-60 is reconsidered. The effects of the thermal conductivity and the diameter of the 
filling material on the thermal resistance of the epoxy board are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 
length=0.18 [m] 
width=0.15 [m] 
k_epoxy=0.26 [W/m-C] 
t_board= 1.4/ 1000 [m] 
k_filling=386 [W/m-C] 

D_filiing=1 [mm] 
s=3/1000 [m] 

"ANALYSIS" 

A_board=length*width 
n_f i 1 1 i ng = A_boa rd/s A 2 

A_filling=n_filling*pi*(D_filling*Convert(mm, m)) A 2/4 
A_e poxy= A_boa rd - A_fi 1 1 i n g 
R f i 1 1 i ng =t_boa rd/( k f i 1 1 i ng*A_fi Ming) 
R_epoxy=t_board/(k_epoxy*A_epoxy) 
1/R_board=1/R_epoxy+1/R_filling 


^filling 

[W/m-C] 

Inboard 

[C/W] 

10 

0.04671 

29.5 

0.01844 

49 

0.01149 

68.5 

0.008343 

88 

0.00655 

107.5 

0.005391 

127 

0.00458 

146.5 

0.003982 

166 

0.003522 

185.5 

0.003157 

205 

0.00286 

224.5 

0.002615 

244 

0.002408 

263.5 

0.002232 

283 

0.00208 

302.5 

0.001947 

322 

0.00183 

341.5 

0.001726 

361 

0.001634 

380.5 

0.00155 

400 

0.001475 
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15-18 


^filling 

[mm) 

Inboard 

[C/W] 

0.5 

0.005977 

0.6 

0.004189 

0.7 

0.003095 

0.8 

0.002378 

0.9 

0.001884 

1 

0.001529 

1.1 

0.001265 

1.2 

0.001064 

1.3 

0.0009073 

1.4 

0.0007828 

1.5 

0.0006823 

1.6 

0.0005999 

1.7 

0.0005316 

1.8 

0.0004743 

1.9 

0.0004258 

2 

0.0003843 
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15-62 A circuit board with uniform heat generation is to be conduction cooled by a copper heat frame. 
Temperature distribution along the heat frame and the maximum temperature in the PCB are to be 
determined. 

Assumptions 1 Steady operating conditions exist 2 
Thermal properties are constant. 3 There is no direct 
heat dissipation from the surface of the PCB, and 
thus all the heat generated is conducted by the heat 
frame to the heat sink. 

Analysis The properties and dimensions of various 
section of the PCB are summarized below as 


Section and material 

Thermal 

conductivity 

Thickness 

Heat transfer surface 
area 

Epoxy board 

0.26 W/m.°C 

2 mm 

10 mm x 120 mm 

Epoxy adhesive 

1.8 W/m.°C 

0.12 mm 

10 mm x 120 mm 

Copper heat frame 
(normal to frame) 

386 W/m.°C 

1.5 mm 

10 mm x 120 mm 

Copper heat frame 
(along the frame) 

386 W/m.°C 

10 mm 

15 mm x 120 mm 



Using the values in the table, the various thermal resistances are determined to be 


= — = 1 = 6.41 °C/W 

p > kA (0.26 W/m.°C)(0.01mx 0.12 m) T 9 



The combined resistance between the electronic components on each strip and the heat frame can be 
determined by adding the three thermal resistances in series to be 

R vertical = & epoxy + R adhesive + R copper,± = 6.41 + 0.056 + 0.0032 = 6.469°C/W 
The temperatures along the heat frame can be determined from the relation AT = T hjgh - T low = QR . Then, 

T x = T 0 + a_o*i_o = 30°C + (22.5 W)(0. 144°C/W) = 33.24°C 
To =7’, +Q 2 -\R 2[ = 33.24°C + (19.5 W)(0.144°C/W) = 36.05°C 
r 3 =r 2 +e 3 _ 2 7?3 _ 2 = 36.05°C + (16.5 W)(0.144°C/W) = 38.42°C 
T 4 =T 3 + C ? 4 3^4 3 = 38.42°C + (13.5 W)(0. 144°C/W) = 40.36°C 
T 5 = 7 4 +05-4^ 5 - 4 =40.36°C + (10.5 W)(0.144°CAV) = 41.87°C 
T 6 =T 5 +Q 6 _ 5 R b _ 5 = 41.87°C + (7.5 W)(0. 144°C/W) = 42.95°C 
T 7 = T 6 +Q 7 _ b R 7 _ 6 = 42.95°C + (4.5 W)(0.144°C/W) = 43.60°C 

r 8 =r 7 + Qf,_ 7 Rg_ 7 = 43.88°C + (1.5 W)(0.144°C/W) = 43.81°C 
The maximum surface temperature on the PCB is 

Tmax = R 9=T s + Q vertical R vertical = 43.81°C + (3 W)(6.469°C/W) = 63.2°C 
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15-63 A circuit board with uniform heat generation is to be conduction cooled by aluminum wires inserted 
into it. The magnitude and location of the maximum temperature in the PCB is to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct 
heat dissipation from the surface of the PCB. 


Analysis The number of wires in the board is 
150 mm 


n = 


= 75 


2 mm 

The surface areas of the aluminum wires and the 
remaining part of the epoxy layer are 


A . — M 

alu min um 


- — = (75) ;r(Q,0Qlm) = 0.0000589 m 


Double sided 
PCB 

12 cm x 15 cm 


Aluminum 
wire, 

D = 1 mm 


A,o ta/ = ( length)(width ) = (0.003 m)(0. 15 m) = 0.00045 m 2 

a epoxy =Aotai ~^a lummum = 0.00045 -0.0000589 = 0.000391 1 m 

Considering only half of the circuit board because of symmetry, the 
thermal resistance of each material per 1-cm length is determined to be 




c 


o 


2 mm 



'Sr 




3 mm 

< >- 


15 W 


13.5 W 12 W 10.5 W 9 W 


7.5 W 


6 W 


4.5 W 3 W 


1.5 W 


-MW/WWWWWWWWWWWWWWVWVWVW^ 

30°C v 1 

1 cm 

-Aboard 



max 


R 


L 


0.01m 


alu min am 


R 


kA (237 W/m.°C)(0. 0000589 m 2 ) 
L 0.01m 


= 0.716°C/W 
= 98.34°C/W 


epoxy kA (0.26 W/m.°C)(0. 000391 1 m 2 ) 

Since these two resistances are in parallel, the equivalent thermal resistance per cm is determined from 

* R board =0.711 °C/W 


1 


1 


1 


1 


1 


Rboant ^ epoxy * aluminum 0.716°C/W 98.34°C/W 


Maximum temperature occurs in the middle of the plate along the 20 cm length, which is determined to be 

^max — ^ end + board , total ~ ^ end ^ ^ Q board ,l-cm ~ ^ end + ^ board ,\-cm ^ 1 Qi 

= 30°C + (0.711°C/W)(15 + 13.5 + 12 + 10.5 + 9 + 7.5 + 6 + 4.5 + 3 + 1.5)W = 88.7°C 
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15-64 A circuit board with uniform heat generation is to be conduction cooled by copper wires inserted in 
it. The magnitude and location of the maximum temperature in the PCB is to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct 
heat dissipation from the surface of the PCB. 

Analysis The number of wires in the circuit board is 

150 mm 


n = 


2 mm 


= 15 


Double sided 
PCB 

12 cm x 15 cm 


The surface areas of the copper wires and the remaining 
part of the epoxy layer are 


Copper 

wire, 

D = 1 mm 


A 


copper 


■ „fg— (75) *(0-001-> ,0.000058, m 2 


A total = ( length)(width ) = (0.003 m)(0. 15 m) = 0.00045 m 

Apoty = ^ total - A copper = 0.00045 - 0.0000589 = 0.000391 1 m 2 

Considering only half of the circuit board because of symmetry, the 
thermal resistance of each material per 1-cm length is determined to be 




c 


3 







2 mm 


3 mm 

< > 


15 W 


13.5 W 


12 W 


10.5 W 


9 W 


7.5 W 


6 W 


4.5 W 3 W 


1.5 W 


a/WVW^WVW^VWW^^ 


30°C 



77 


R 


board 


1 cm 

■< > 


R 


L 


0.01m 


copper 


R 


kA (386 W/m.°C)(0. 0000589 m 2 ) 
L 0.01m 


= 0.440°C/W 
= 98.34°C/W 


epOXy kA (0.26 W/m.°C)(0.00039 11m 2 ) 

Since these two resistances are in parallel, the equivalent thermal resistance is determined from 

> R board = 0.438°C/W 


1 


1 


1 


1 


1 


R, 


R. 


R. 


0.440°C/W 98.34°C/W 


- board " v epoxy ' *• copper 

Maximum temperature occurs in the middle of the plate along the 20 cm length which is determined to be 

^rnax — ^end + ^Tboard dotal ~ T en d ^ ^ Qi ^board , \-cm ~ T enc l Rboard ,1-cm Qi 

= 30°C + (0.438°C /W)(15 + 13.5 + 12 + 10.5 + 9 + 7.5 + 6 + 4.5 + 3 + 1.5)W = 66.1°C 
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15-65 A circuit board with uniform heat generation is to be conduction cooled by aluminum wires inserted 
into it. The magnitude and location of the maximum temperature in the PCB is to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct 
heat dissipation from the surface of the PCB. 

Analysis The number of wires in the board is 

150 mm 


n = 


= 31 


Double sided 
PCB 

12 cm x 15 cm 


4 mm 

The surface areas of the aluminum wires and the 
remaining part of the epoxy layer are 

777 A — ~' 2 

A 


ttD _ /z-( 0.001 m) . nAAA . A ? 
alu min um = n ~ ~ = ( 3 ?) = 0.000029 HI 


4 4 

A total = ( length)(width ) = (0.003 m)(0.15 m) = 0.00045 nT 


A epoxy A total A 


alu min um 


= 0.00045 - 0.000029 = 0.00042 1 m' 


Considering only half of the circuit board because of symmetry, the 
thermal resistance of each material per 1-cm length is determined to be 




3 mm 

< > 


15 W 


13.5 W 


12 W 


10.5 W 


9 W 


7.5 W 


6 W 


4.5 W 


3 W 


1.5 W 



^/VWW\MVWW^ 

30°C V 

1 cm 

"Aboard 


R 


L 


0.01m 


alu min um 


R 


kA (237 W/m.°C)(0. 000029 m 2 ) 
L 0.01m 


= 1.455°C/W 
= 91.36°C/W 


ep ° Xy kA (0.26 W/m.°C)(0. 00042 1 m 2 ) 

Since these two resistances are in parallel, the equivalent thermal resistance is determined from 

> R b oard =1-432°C/W 


1 


1 


1 


1 


1 


R. 


R, 


R 


1.455°C/W 91.36°C/W 


■ board 1 v epoxy lv alu min um 

Maximum temperature occurs in the middle of the plate along the 20 cm length which is determined to be 

^max — T end board , total ~ ^ end + ^ 1 Q inboard ,\-cm ~ ^ end + ^ board \\-cni ^ 1 Qi 

= 30°C + (1.432°CAV)(15 + 13.5 + 12 + 10.5 + 9 + 7.5 + 6 + 4.5 + 3 + 1.5)W = 148. 1°C 
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15-23 


15-66 A thermal conduction module with 80 chips is cooled by water. 
The junction temperature of the chip is to be determined. 


Assumptions 1 Steady operating conditions exist 2 Heat transfer 
through various components is one-dimensional. 


Analysis The total thermal resistance between the junction and 
cooling water is 


R 


total 


= R 


junction-water 


= R„u i „+R; 


■chip 


int ernal 


+ R 


external 


= 1.2 + 9 + 7 = 17.2°C 


Then the junction temperature becomes 

T junction =T water + Q R junction-water = 18°C + (4 W)(17.2°C/W) = 86.8°C 


Junction 



Cooling water 


15-67 A layer of copper is attached to the back surface of an epoxy board. The effective thermal 
conductivity of the board and the fraction of heat conducted through copper are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Heat 
transfer is one-dimensional. 


PCB 


Analysis Heat conduction along a layer is proportional 
to the thermal conductivity-thickness product (kt) which 
is determined for each layer and the entire PCB to be 

(kt) ^per = (386 W/m.°C)(0.000 1 m) = 0.0386 W/°C 

(kt) epoxy = (0.26 W/m.°C)(0.0003 m) = 0.000078 W/°C 

(kt) PCB = (kt) copper +(kt) epoxy = 0.0386 + 0.000078 = 0.038678 W/°C 


The effective thermal conductivity can be determined from 


15 cm 



20 cm 


Copper, ) 
t = 0.1 mm 


Epoxy, 
t = 0.3 mm 



(kt) epoxy + (kt) copper 


t 


epoxy 


+ t 


copper 


(0.0386 + 0.000078) W/°C 
(0.0003 m + 0.0001m) 


= 96.7 W/m.°C 


Then the fraction of the heat conducted along the copper becomes 

= (faW = omm W/-C = 0 998 = 99 8% 

(kt) PCB 0.038678 W/°C 

Discussion Note that heat is transferred almost entirely through the copper layer. 
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15-24 


15-68 A copper plate is sandwiched between two epoxy boards. The effective thermal conductivity of the 
board and the fraction of heat conducted through copper are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Heat 
transfer is one-dimensional. 

Analysis Heat conduction along a layer is proportional 
to the thermal conductivity-thickness product (kt) which 
is determined for each layer and the entire PCB to be 

{kt) copper = (386 W/m.°C)(0.0005 m) = 0.193 W/°C 

(kt) epoxy = (2)(0.26 W/m.°C)(0.003 m) = 0.00156 W/°C 

(kt) PCB =(kt) copper Hkt)^ = 0.193 + 0.00156 = 0.19456W/°C 

The effective thermal conductivity can be determined from 


k e ff ~ 


(kt) ep0X y+(kt) 


copper 


(0.00156 + 0.193) W/°C 


= 29.9 W/m.°C 


^ epoxy + t copper 


~ [(2x0.003 m) + 0.0005 m] 

Then the fraction of the heat conducted along the copper becomes 


/= 


(kt) 


copper 


(kt) 


PCB 


0.193 W/°C 
0.19456 W/°C 


= 0.992 = 99.2% 


Copper, 



15-69E A copper heat frame is used to conduct heat generated in a PCB. The temperature difference 
between the mid section and either end of the heat frame is to be determined. 


Assumptions 1 Steady operating conditions exist 2 Heat 
transfer is one-dimensional. 

Analysis We assume heat is generated uniformly on the 
6 in x 8 in board, and all the heat generated is 
conducted by the heat frame along the 8-in side. Noting 
that the rate of heat transfer along the heat frame is 
variable, we consider 1 in x 8 in strips of the board. The 
rate of heat generation in each strip is (20 W)/8 = 2.5 
W, and the thermal resistance along each strip of the 
heat frame is 


PCB 



^ frame 


L_ 

kA 


(1/12) ft 


(223 Btu/h.ft.°F)(6/12 ft)(0.06/12 ft) 

= 0.149 h.°F/Btu 

Maximum temperature occurs in the middle of the plate 
along the 20 cm length. Then the temperature difference 
between the mid section and either end of the heat 
frame becomes 



board 


A = AT, 


max 


mid section - edge of frame 



frame,!- in 


= R 


frame, 1-in 



= (0. 149°F.h/Btu)(10 + 7.5 + 5 + 2.5 W)(3.4121 Btu/h.W) = 12.8°F 
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15-70 A power transistor is cooled by mounting it on an aluminum bracket that is attached to a liquid- 
cooled plate. The temperature of the transistor case is to be determined. 


Assumptions 1 Steady operating conditions exist 
2 Conduction heat transfer is one-dimensional. 

Analysis The rate of heat transfer by conduction is 
Qconduction = (0.80)(12 W) = 9.6 W 


The thermal resistance of aluminum bracket and epoxy adhesive are 


R 


alu min um 


R 


epoxy 


L 

kA 

L_ 

kA 


0.01m 

(237 W/m.°C)(0.003 m)(0.02 m) 
0.0002 m 

(1.8 W/m.°C)(0.003 m)(0.02 m) 


: 0.703 °C/W 
1.852°C/W 



The total thermal resistance between the transistor and the cold plate is 


R 


total 


= R 


case-cold plate 


= R 


plastic 


+ R 


epoxy 


+ R 


ah i min um 


= 2.5 + 1 .852 + 0.703 = 5.055°C/W 


Then the temperature of the transistor case is determined from 

Tease = T cold + QR case - coldplate = 50°C + (9.6 W)(5.055°C/W) = 98.5C 

plate 
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15-26 


Air Cooling: Natural Convection and Radiation 

15-7 1C As the student watches the movie, the temperature of the electronic components in the VCR will 
keep increasing because of the blocked air passages. The VCR eventually may overheat and fail. 


15-72C There is no natural convection in space because of the absence of gravity (and because of the 
absence of a medium outside). However, it can be cooled by radiation since radiation does not need a 
medium. 


15-73C The openings on the side surfaces of a TV, VCR or other electronic enclosures provide passage 
ways for the cold air to enter and warm air to leave. If a TV or VCR is enclosed in a cabinet with no free 
space around, and if there is no other cooling process involved, the temperature of device will keep rising 
due to the heat generation in device, which may cause the device to fail eventually. 


15-74C The magnitude of radiation, in general, is comparable to the magnitude of natural convection. 
Therefore, radiation heat transfer should be always considered in the analysis of natural convection cooled 
electronic equipment. 


15-75C The effect of atmospheric pressure to heat transfer coefficient can be written as 

h C onv,Patm = h conv\atm V? (W/m 2 .°C) where P is the air pressure in atmosphere. Therefore, the greater the 

air pressure, the greater the heat transfer coefficient. The best and the worst orientation for heat transfer 
from a square surface are vertical and horizontal, respectively, since the former maximizes and the latter 
minimizes natural convection. 


15-76C The view factor from surface 1 to surface 2 is the fraction of radiation which leaves surface 1 and 
strikes surface 2 directly. The magnitude of radiation heat transfer between two surfaces is proportional to 
the view factor. The larger the view factor, the larger the radiation exchange between the two surfaces. 


15-77C Emissivity of a surface is the ratio of the radiation emitted by a surface at a specified temperature 
to the radiation emitted by a blackbody (which is the maximum amount) at the same temperature. The 
magnitude of radiation heat transfer between a surfaces and it surrounding surfaces is proportional to the 
emissivity. The larger the emissivity, the larger the radiation heat exchange between the two surfaces. 


15-78C For most effective natural convection cooling of a PCB array, the PCB should be placed vertically 
to take advantage of natural convection currents which tend to rise naturally, and to minimize trapped air 
pockets. Placing the PCBs too close to each other tends to choke the flow because of the increased 
resistance. Therefore, the PCBs should be placed far from each other for effective heat transfer (A distance 
of about 2 cm between the PCBs turns out to be adequate for effective natural convection cooling.) 


15-79C Radiation heat transfer from the components on the PCBs in an enclosure is negligible since the 
view of the components is largely blocked by other heat generating components at about the same 
temperature, and hot components face other hot surfaces instead of cooler surfaces. 
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15-27 


15-80 The surface temperature of a sealed electronic box placed on top of a stand is not to exceed 65°C. It 
is to be determined if this box can be cooled by natural convection and radiation alone. 

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm. 

Analysis Using Table 15-1, the heat transfer coefficient and the natural 

convection heat transfer from side surfaces are determined to be 

_ _ _ Electronic box 

L = 0.2 m ^ 

35 x 50 x 20 cm 


A side = (2)(0.5 m + 0.35 m)(0.2 m) = 0.34 m 

/ . m \ 0.25 / ~ \ 0.25 


1 conv. side 


= 1.42 


= 1.42 


65-30 

0.2 


= 5.16 W/m.°C 


) — h A (T —T ^ 

conv, side ri conv, side-™- side V - 4 s 1 fluid ) 


= (5.16 W/m.°C)(0.34 m 2 )(65-30)°C = 61.5 W 

The heat transfer from the horizontal top surface by natural convection is 

l 4A lop 4(0.5 m)(0.35m) Q11m 

p (2)(0.5 m + 0.35 m) 


A top = (0.5 m)(0.35m) = 0.175 m 


conv, top 


/ AT' 

\°- 25 , ( 65-30 Y 

i 

= 1.32 

\ L . 

l 0.41 J 


= 4.01 W/m.°C 


100 W 
8 = 0.85 
T s = 65°C 


Qconvdop = h conv, top ^top (T s - T fluid ) = (4.01 W/m.°C)(0. 1 75 m 2 )(65 - 30)°C = 24.6 W 
The rate of heat transfer from the box by radiation is determined from 
Qrad =£A s a(T s 4 -T mrr 4 ) 

= (0.85)(0.34 m 2 + 0. 175 m 2 )(5.67 x 10' 8 W/m 2 .K 4 )[(65 + 273 K) 4 - (30 + 273 K) 4 ] = 1 14.7 W 


Then the total rate of heat transfer from the box becomes 


Qtotal ~ Qconv, side + Qconv, top + Qrad ~ 61.5 + 24.6 + 114.7 - 200.8 W 

which is greater than 1 00 W. Therefore, this box can be cooled by combined natural convection and 
radiation. 
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15-81 The surface temperature of a sealed electronic box placed on top of a stand is not to exceed 65 °C. It 
is to be determined if this box can be cooled by natural convection and radiation alone. 

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm. 

Analysis In given orientation, two side surfaces and the top surface will be vertical and other two side 
surfaces will be horizontal. Using Table 15-1, the heat transfer coefficient and the natural convection heat 
transfer from the vertical surfaces are determined to be 


L = 0.5 m 

A vertical = (2 x 0.2 x 0.5 + 0.5 x 0.35) = 0.375 m 

65-30 


h = 1 42 

ri conv 1 • 

vertical 


^ AT \0.25 rcc oaN 0.25 


Q 


= h 


L 
A . 


= 1.42 


0.5 


= 4.107 W/m.° 


conv '* conv " ^vertical ? v - s 

vertical vertical 


(Ts T fluid ) 


= (4.107 W/m.°C)(0.375 m 2 )(65 - 30)°C = 53.9 W 

The heat transfer from the horizontal top surface by 
natural convection is 


A top = (0.2 m)(0.35 m) = 0.07 m 


L = 


4 A 


top 


(4)(0.Q7 m") 

~p~ ~ (4)(0.2m + 0.35 m) 


= 0.1273 m 


h „„ =1.32 


conv 

top 


AT 

V L , 


\ 0.25 


= 1.32 


65-30 

0.1273 


\ 0.25 


= 5.4 W/m.°C 


Qconv =KonvAopiT s - T fluid ) = (5.4 W/m.°C)(0.07 m 2 )(65 - 30)°C = 1 3.2 W 

top top 



The heat transfer from the horizontal top surface by natural convection is 


Konv =°-59 
bottom 


r AT \ )25 „ _J 65-30^°‘ 25 


L 


= 0.59 


v ^ y 


0.1273 


= 2.4 W/m.°C 


Q 


con v =h conv A hottom (T s -Tjj uid ) = (2.4 W/m.°C)(0.07 m‘)(65 -30)°C = 5.9 W 

bottom bottom 


The rate of heat transfer from the box by radiation is determined from 

Q md =eA s a(T s 4 -T surr 4 ) 

= (0.85)(0.34 m 2 + 0.175 m 2 )(5.67 x 10' 8 W/m 2 .K 4 )[(65 + 273 K) 4 - (30 + 273 K) 4 ] = 1 14.7 W 
Then the total rate of heat transfer from the box becomes 

Qtotal = Qconv + Qconv + Qconv + Qrad = 53 ' 9 + 13 ' 2 + 5 ' 9 + 1 14 ' 7 = 1 87.7 W 

vertical top bottom 

which is greater than 1 00 W. Therefore, this box can be cooled by combined natural convection and 
radiation. 
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15-82E A small cylindrical resistor mounted on a PCB is being cooled by natural convection and radiation. 
The surface temperature of the resistor is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm. 3 Radiation is 
negligible in this case since the resistor is surrounded by surfaces which are at about the same temperature, 
and the radiation heat transfer between two surfaces at the same temperature is zero. This leaves natural 
convection as the only mechanism of heat transfer from the resistor. 

Analysis For components on a circuit board, the heat transfer coefficient relation from Table 15-1 is 


= 0.50 


r T s ~T fluid 


0.25 


conv 


D 


(L = D) 


Substituting it into the heat transfer relation to get 

Qconv ~ h conv ^ fluid ) 


= 0.50 


f T r T 1 > 

s — * fluid 


0.25 


= 0.50 A. 


D 


(L ^ fl uid ) 


A' (Ts ~ T fluid ) 


1.25 


D 


0.25 


Resistor 
D = 0.15 in 
L = 0.5 in 



f fluid 


Calculating surface area and substituting it into above equation for the surface temperature yields 

tt( 0. 15/ 12 ft) 2 


A s =2 


f _ 7 \ 

nD~ 


+ kDL - 2 


v / 


+ zr(0. 15/ 12 ft)(0.5/12 ft) = 0.00188 ft 


(0.15 Wx 3.41214 Btu/h.W) = (0.50)(0. 00188ft 2 ) (7 * B0) 


1.25 


(0.15/12 ft) 


0.25 


+ T. = 194°F 
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15-30 


15-83 The surface temperature of a PCB is not to exceed 90°C. The maximum environment temperatures 
for safe operation at sea level and at 3,000 m altitude are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer is negligible since the PCB is 
surrounded by other PCBs at about the same temperature. 3 Heat transfer from the back surface of the PCB 
will be very small and thus negligible. 

Analysis Using the simplified relation for a vertical orientation from Table 15-1, the natural convection 
heat transfer coefficient is determined to be 


= 1.42 


f rp r r \ 

1 s 1 fluid 


0.25 


conv 


\ 


L 


/ 


Substituting it into the heat transfer relation to get 


Qconv ^conv^s ^ fluid ) 

0.25 


= 1.42 


f nr r p \ 

* S ~ * fluid 


= 1.42 A, 


L 


C Ts _ t fluid ) 


A s ( T s ~ T fl ui d ) 


1.25 


L 


0.25 


Calculating surface area and characteristic length and substituting 
them into above equation for the surface temperature yields 

T = 0.14 m 

A s = (0.14 m)(0.2 m) = 0.028 m 2 


2 (90 - T n d ) 

5 W = (1 .42)(0.028 m 2 ) — 

(0.14 m) 


1.25 


0.25 


fl^ = 57.7°C 


PCB 



At an altitude of 3000 m, the atmospheric pressure is 70.12 kPa which is equivalent to 

1 atm 


P = (70.12 kPa) 


= 0.692 atm 


101.325 kPa 

Modifying the heat transfer relation for this pressure (by multiplying by the square root of it) yields 


2 (90 - T fi U i d ) 

5 W = (1.42)(0.028 m 2 ) 

(0.14 m) 


1.25 


0.25 


Vo. 692 


->T 


fluid 


52.6°C 
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15-84 A cylindrical electronic component is mounted on a board with its axis in the vertical direction. The 
average surface temperature of the component is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm. 

Analysis The natural convection heat transfer coefficient for vertical orientation using Table 15-1 can be 
determined from 


=1.42 


f r n r n \ 

1 s 1 fluid 


0.25 


conv 


L 


Substituting it into the heat transfer relation gives 

Qconv ~ ^conv^s 0's ^ fluid ) 


= 1.42 


{ r r nr \ 0-^5 

1 s 1 fluid 


= \A2A, 


L 


(Ts T fl^d ) 


As- (T s T fl uid ) 


1.25 


L 


0.25 


The rate of heat transfer from the cylinder by radiation is 

Qrad = ^( T s A - T sufl) 

Then the total rate of heat transfer can be written as 


Resistor 
D =2 cm 
L = 4 cm 
8 = 0.8 



Q total ~ Qconv + Qrad ~ 1-42 A 


(Ts T fl^d ) 


1.25 


L 


0.25 


+ eA s g{T s a -T su J) 


We will calculate total surface area of the cylindrical component including top and bottom surfaces, and 
assume the natural heat transfer coefficient to be the same throughout all surfaces of the component 


A =2 


r \ 

nD~ 


+ kDL = 2 


^■(0.02 m) 


+ >^(0.02 m)(0.04 m) = 0.003 14 m 


Substituting 


3 W = (1 ,42)(0.003 14 m 2 ) T (3 ° + 273 K)] 


1.25 


(0.04 m) 0 ' 25 

+ (0.8)(0.003 14 m z )(5.67 x 10 -8 W/m^K’)^; -(20 + 273 K)"] 

Solving for the surface temperature gives 
r zz 363 K = 90°C 
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15-85 A cylindrical electronic component is mounted on a board with its axis in horizontal direction. The 
average surface temperature of the component is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm. 

Analysis Since atmospheric pressure is not given, we assume it to be 1 atm. The natural convection heat 
transfer coefficient for horizontal orientation using Table 15-1 can be determined from 


= 1.32 


f rp rp \ 

1 s 1 fluid 


0.25 


conv 


D 


Substituting it into the heat transfer relation to get 

Qconv ~ ^conv^s 0's ^ fluid ) 


= 1.32 


f jri Ji \ 0.25 


fluid 


= 1.32 A. 


D 


(Ts T fluid ) 

D 025 


A s (T s T fl uid ) 


1.25 


Resistor 
D =2 cm 
L = 4 cm 


Ti 


fluid 



The rate of heat transfer from the cylinder by radiation is 

Qrad = ^( T s 4 - T surr 4 ) 


Then the total heat transfer can be written as 


Q total Qconv +Qrad 1 . 32^4 


(L T fi u id ) 1 ,25 


D 


0.25 


^(T s 4 -T 4 ) 


We will calculate total surface area of the cylindrical component including top and bottom surfaces, and 
assume the natural heat transfer coefficient to be the same throughout all surfaces of the component 


A =2 


r \ 

nD~ 


+ kDL = 2 


^■(0.02 m) 


+ >^(0.02 m)(0.04 m) = 0.003 14 m 


Substituting, 


3 W = (1 .32)(0.003 14 m 2 ) ^ (3 ° + 2?3) K] 


1.25 


0.25 


(0.02 m) 

+ (0.8)(0.00314m z )(5.67xl0"° W/m z K H )[T S " -(20 + 273 K)^] 


Solving for the surface temperature gives 
T s = 361 K = 88°C 
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15-86 EES Prob. 15-84 is reconsidered. The effects of surface emissivity and ambient temperature on the 
average surface temperature of the component are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

D=0.02 [m] 

L=0.04 [m] 

Q_dot=3 [W] 
epsilon=0.8 

T_ambient=30+273 “[K]” 

T_surr=T_ambient-1 0 

"ANALYSIS" 

Q_dot=Q_dot_conv+Q_dot_rad 
Q_dot_conv=h*A*(T_s-T_ambient) 
h=1 .42*((T_s-T_ambient)/L) A 0.25 
A=2*(pi*D A 2)/4+pi*D*L 

Q_dot_rad=epsilon*A*sigma*(T_s A 4-T_surr A 4) 
sigma=5.67E-8 [W/m A 2-K A 4] 


8 

T s [K] 

0.1 

391.6 

0.15 

388.4 

0.2 

385.4 

0.25 

382.6 

0.3 

380.1 

0.35 

377.7 

0.4 

375.5 

0.45 

373.4 

0.5 

371.4 

0.55 

369.5 

0.6 

367.8 

0.65 

366.1 

0.7 

364.5 

0.75 

363 

0.8 

361.5 

0.85 

360.2 

0.9 

358.9 

0.95 

357.6 

1 

356.4 
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15-34 


Tambient 

[K] 

T s [K] 

288 

349.6 

289 

350.4 

290 

351.2 

291 

352 

292 

352.8 

293 

353.6 

294 

354.4 

295 

355.2 

296 

356 

297 

356.8 

298 

357.6 

299 

358.4 

300 

359.2 

301 

360 

302 

360.7 

303 

361.5 

304 

362.3 

305 

363.1 

306 

363.9 

307 

364.7 

308 

365.5 



15-87 A power transistor dissipating 0. 1 W of power is considered. The heat flux on the surface of the 
transistor and the surface temperature of the transistor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the 
transistor. 


Analysis (a) The heat flux on the surface of the transistor is 
+ 71 DL 


A s =2 


= 2 


f 9 \ 

xD 2 


<2 = 


x(0.4 cm) 


0.1 W 


+ x(0.4 cm)(0.4 cm) = 0.754 cm 


Q_ = 

A 0.754 cm 2 


= 0.1326 W/cm 


(b) The surface temperature of the transistor is 
determined from Newton’s law of cooling to be 

y ~ h combined s ~ ^ fluid ) 

1326 W/m 2 


T s - T fl U id + 


<7 


h 


= 30°C 


combined 


18 W/m 2 .°C 


= 103.7°C 



Air, 

30°C 


Power 

Transistor 


0.1 W 
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15-35 


15-88 The components of an electronic equipment located in a horizontal duct with rectangular cross- 
section are cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection 
and the average temperature of the duct are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer from the outer surfaces is 
negligible. 

Analysis (a) Using air properties at 300 K and 1 atm, the mass flow rate of air and the heat transfer rate by 
forced convection are determined to be 

m =pV = (\.\ll kg/m 3 )(0.4 / 60 m 3 /s) = 0.00785 kg/s 
Q forced = mc p AT = (0.00785 kg/s)(1005 J/kg.°C)(45 -30)°C = 118.3 W 

convection 


Noting that radiation heat transfer is negligible, the 
rest of the 150 W heat generated must be dissipated 
by natural convection, 


Air 

25°C 


Q 


natural 

convection 


Q total Q ft 


forced 

convection 


= 150-1 18.3 = 31.7 W 


(b) The natural convection heat transfer from the 
vertical side surfaces of the duct is 

2 


A side = 2 x (0. 15 m)(l m) = 0.3 m‘ 
AT 


f a^\0-25 


h — 1 49 

1 conv, side 


v L j 



30°C 


a 


conv,side ^conv,side^side (Ts ^ fluid} 1-42 


r Vs~T fluid) 

L 


0.25 


A (T -T ^ = 14 1 A ^ fluid ) 

^side U s 1 fluid ) 1 ‘^ A/i side r o.25 


1.25 


L 


Natural convection from the top and bottom surfaces of the duct is 


j, = ijgL = <4K0.15n.)(lm) = 


^ conv,top 1-32 


p (2)(0.15 m + 1 m) 
AT 


A top = (0. 1 5 m)(l m) = 0.15 m 


r a^\ 0-25 


L 


v ^ 


Q 


conv, top 


= h 


^tOD (T S T fluid ) 


conv,top top V s 


= 1.32 


f' (T -T U 0 ’ 25 

\ J S 1 fluid ) 


^conv, bottom 0.59 


L 

AT 

v L j 


A t op(T s T fluid) 1-22 A 


(T s T fl^d ) 


1.25 


fluid 


top 


L 


0.25 


f a^\0-25 


Qconv, bottom ^ conv,bot ^ top (Ts T fluid ) 


= 0.59 


f (T T \ \ 0.25 

U .v 1 fluid ) 

L 


^ hot (T s T fl U i d ) 0.59 A 


(T s T fluid ) 


1.25 


L bot 


L 


0.25 


Then the total heat transfer by natural convection becomes 

Q total, conv ~ Qconv, side + Qconv, top + Qconv, bottom 


Q total. 


conv 


= 1.42zL 


(Ts T fluid ) 


1.25 


side 


L 025 " r V 

Substituting all known quantities with proper units gives the average temperature of the duct to be 


+ 1.32 A 


(Ts T fluid ) 


1.25 


top 


0.25 


+ 0.59 A hottom 


(T s T fluid ) 

”+25 


1.25 


31.7 = (1.42)(0.3) 


(T s -25) 


1.25 


31.7 = (1.086)(r -25) 


0.15 

1.25 


0.25 


(1.32)(0.15) 


+ T = 40°C 


(T s - 25) 


1.25 


0.26 


0.25 


+ (0.59)(0.15) 


(L- 25) 


1.25 


0.26 


0.25 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



15-36 


15-89 The components of an electronic equipment located in a circular horizontal duct are cooled by forced 
air. The heat transfer from the outer surfaces of the duct by natural convection and the average temperature 
of the duct are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer from the outer surfaces is 
negligible. 

Analysis ( a ) Using air properties at 300 K and 1 atm, the mass flow rate of air and the heat transfer rate by 
forced convection are determined to be 

m = pV = (\.\ll kg/m 3 )(0.4/ 60 m 3 /s) = 0.00785 kg/s 
Q forced = mc p AT = (0.00785 kg/s)(1005 J/kg.°C)(45 -30)°C = 1 18.3 W 

convection 


Noting that radiation heat transfer is negligible, 
the rest of the 150 W heat generated must be 
dissipated by natural convection, 


Air 


Q natural Q total Q 
convection 


forced 

convection 


= 150-1 18.3 = 31.7 W 


( b ) The natural convection heat transfer from the 
circular duct is 



L = D = 0.1m 

+ ttDL = 2 


A s= 2 


( 7lD 2 ^ 


;r(0.1 m) 


+ 7r( 0. 1 m)(l m) = 0.33 m 


Konv =1-32 


f AT \0.25 


Qconv ~ h C onv A (T s Tjj uid ) - 1 .32 


= 1.32,1 


(T s -T fluid ) h2S 


y / rp r p \ \ 0-25 

s 1 fluid ) 

D 


A S (Ts T fluid ) 


D 


0.25 


Substituting all known quantities with proper units gives the average temperature of the duct to be 

1.25 


31.7 W = (1.32)(0.33m 2 ) (r? 25) 


(0.1m) 


0.25 


->T„ = 44°C 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


15-37 


15-90 EES Prob. 15-88 is reconsidered. The effects of the volume flow rate of air and the side-length of 
the duct on heat transfer by natural convection and the average temperature of the duct are to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 

Q_dot_total=150 [W] 

L=1 [m] 
side=0.15 [m] 

T_in=30 [C] 

T_out=45 [C] 

V_dot=0.4 [m A 3/min] 

T_ambient=25 [C] 

"PROPERTIES" 

rho=Density(air, T=T_ave, P=1 01 .3) 

C_p=CP(air, T=T_ave)*Convert(kJ/kg-C, J/kg-C) 

T_ave=1/2*(T_in+T_out) 

"ANALYSIS" 

"(a)" 

m_dot=rho*V_dot*Convert(m A 3/min, m A 3/s) 

Q_dot_ForcedConv=m_dot*C_p*(T_out-T_in) 

Q_dot_NaturalConv=Q_dot_total-Q_dot_ForcedConv 

"(b)" 

A_side=2*side*L 

h_conv_side=1.42*((T_s-T_ambient)/L) A 0.25 

Q_dot_conv_side=h_conv_side*A_side*(T_s-T_ambient) 

L_top=(4*A_top)/p_top 

A_top=side*L 

p_top=2*(side+L) 

h_conv_top=1.32*((T_s-T_ambient)/L_top) A 0.25 

Q_dot_conv_top=h_conv_top*A_top*(T_s-T_ambient) 

h_conv_bottom=0.59*((T_s-T_ambient)/L_top) A 0.25 

Q_dot_conv_bottom=h_conv_bottom*A_top*(T_s-T_ambient) 

Q_dot_NaturalConv=Q_dot_conv_side+Q_dot_conv_top+Q_dot_conv_bottom 


V [m 3 /min] 

QNaturalConv 

[W] 

T s [C] 

0.1 

121.4 

79.13 

0.15 

107.1 

73.97 

0.2 

92.81 

68.66 

0.25 

78.51 

63.19 

0.3 

64.21 

57.52 

0.35 

49.92 

51.58 

0.4 

35.62 

45.29 

0.45 

21.32 

38.46 

0.5 

7.023 

30.54 
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^NaturalConv [W] ^NaturalConv [W] 


side [m] 

QNaturalConv [W] 

0.1 

35.62 

0.11 

35.62 

0.12 

35.62 

0.13 

35.62 

0.14 

35.62 

0.15 

35.62 

0.16 

35.62 

0.17 

35.62 

0.18 

35.62 

0.19 

35.62 

0.2 

35.62 


52.08 


5 


temperature 


V [m / min] 


temperature 


side [m] 
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15-39 


15-91 The components of an electronic equipment located in a horizontal duct with rectangular cross- 
section are cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection 
and the average temperature of the duct are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer from the outer surfaces is 
negligible. 

Analysis In this case the entire 150 W must be dissipated by natural convection from the outer surface of 
the duct. Natural convection from the vertical side surfaces of the duct can be expressed as 


T = 0.15 m 


A side = 2 x (0.1 5 m)(l m) = 0.3 m 
AT 


r a 


h = 14 ? 

n conv, side 


v L 


Q 


= 1.42 A; 


ide A side V s ^ fluid ) ~ 1-42 

V s ~ T fluid ) 


conv,side ^conv, side ^ side 1 fluid 

1.25 


r Vs ~ T fluid ) 

L 


\ 0.25 


Aside Vs T fl u id ) 


side 


L 


0.25 


Natural convection from the top surface of the duct is 
I ,±V, (4X0.15m)(l m) , 026m 
p (2)(0.15 m + 1 m) 

A top =(0.15 m)(l m) = 0. 1 5 m 2 


^ conv,top 1-32 


'ATfl 025 

V L , 


Q 


= k 


conv, top ' L conv, top 2 Hop V- 4 s - L fluid 

1.25 


= 1.32 A 


A top Vs ^ fluid) - 1-32 

Vs ~ T fluid ) 


/ cp r p \ aO-25 

\ J s 1 fluid) 

L 


Atop Vs T fluid ) 


fluid 


to P ^0.25 


Natural convection from the bottom surface of the duct is 

AT 

^ conv, bottom — 0.59 


f at^O-25 


v L j 


Qconv, bottom ^conv, bottom A top Vs ^ fluid ' ) 0.59 

1.25 


Vs ~ T fluid ) 

L 


0.25 


Air 

25°C 



Abottom Vs T fluid ) 


= 0.59 A 


Vs T fluid ) 


bottom 


L 


0.25 


Then the total heat transfer by natural convection becomes 

Q total, conv ~ Qconv, side Qconv, top Q conv , bottom 

1.25 

- + 1.32.4 


Q total, conv 1-42 A sj j e 


V S T fl^d ) 


(T s -Tfl uid ) 125 


L 025 ' V 

Substituting all known quantities with proper units gives the average temperature of the duct to be 


top 


0.25 


+ 0.59 A 


bottom 


( T s -T fluid ) l2i 

0.25 


150 = (1.42)(0.3) 


Vs~ 25 ) 


1.25 


150 = (1.086)(7; -25) 


0.15 

1.25 


0.25 


(1.32)(0.15) 


= 77°C 


Vs -25) 


1.25 


0.26 


0.25 


(0.59)(0.15) 


Vs~ 25 ) 


1.25 


0.26 


0.25 
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15-40 


15-92 A wall-mounted circuit board containing 81 square chips is cooled by combined natural convection 
and radiation. The surface temperature of the chips is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the back side of the circuit board is 
negligible. 3 Temperature of surrounding surfaces is the same as the air temperature. 3 The local 
atmospheric pressure is 1 atm. 

Analysis The natural convection heat transfer coefficient for the vertical orientation of board can be 
determined from (Table 15-1) 


= 1.42 


f T —T \ 
1 s 1 fluid 


0.25 


conv 


\ 


L 


/ 


Substituting it relation into the heat transfer relation gives 


Qconv ^conv^s (T ^ fluid ) 


= 1.42 


f r r y \0-25 

A ^ fluid 


L 


A(T s -T /lmd ) = \A2A (Ts Tfluid) 


1.25 


L 


0.25 


The rate of heat transfer from the board by radiation is 

Qrad = ^.A T s 4 ~ Tsufl 

Then the total heat transfer can be expressed as 



L = 0.2 


Insulation 


PCB, T s 
6.48 W 
8 = 0.65 


Air 

T a o = 25°C 


Qtotal ~ Qconv +Qrad ~ 1-42^, 


(Ts T fluid ) 


1.25 


L 


fluid 

025 


+ sA s a(T s 4 - T surr 4 ) 


where Q (ota/ = (0.08 W)x 81 = 6.48 W . Noting that the characteristic length is L = 0.2 m, calculating the 

surface area and substituting the known quantities into the above equation, the surface temperature is 
determined to be 


L = 0.2 m 

A s = (0.2 m)(0.2 m) = 0.04 m 2 


6.48 W = (2.44)(0.04 m 2 ) ^ (25 + 273 K)] 


1.25 


. 0.25 


(0.2 m)' 

+ (0.65)(0.04 m z )(5.67 x 10~ 8 W/m z K^) T* - (25 + 273 K) £ 


T s =312.3K = 39.3°C 
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15-93 A horizontal circuit board containing 81 square chips is cooled by combined natural convection and 
radiation. The surface temperature of the chips is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the back side of the circuit board is 
negligible. 3 Temperature of surrounding surfaces is the same as the air temperature. 3 The local 
atmospheric pressure is 1 atm. 

Analysis (a) The natural convection heat transfer 
coefficient for the horizontal orientation of board with 
chips facing up can be determined from (Table 15-1) 

x o.25 Insulation 


Konv =1-32 


r T s T fluid 


pcb, r s 

6.48 W 
8 = 0.65 


Air 

7T = 25°C 


L 


Substituting it into the heat transfer relation gives 

Qconv ~ ^conv^s 0's ^ fluid ) 



= 1.32 


( T T 1 A 

f s ^ fluid 


0.25 


L 


MT S -T fluid ) = 1.324 


(Ts ~T fluid) 


1.25 


E 


0.25 


The rate of heat transfer from the board by radiation is 
Qrad =sA s°( T s 4 ~ T sun 4 ) 


Then the total heat transfer can be written as 


Q total Qconv Qrad 1 .32^4 


(Ts T fluid ) 


1.25 


L 


0.25 


+ £A s a(T s ~T surr ) 


where Q tota i - (0.08 W)x 81 = 6.48 W . Noting that the characteristic length is L = 0.2 m, calculating the 

surface area and substituting the known quantities into the above equation, the surface temperature is 
determined to be 

L = L = (4)(Q-2 m )(0~2 m ) _ Q 2 m 
P (4)(0.2m) 

A s = (0.2 m)(0.2m) = 0.04 m 2 

6 .4 8 w. ( i.32),o.o4 m =)ffi- (25 + 273)K) ' 2S 


(0.2 m) 


0.25 


+ (0.65)(0.04m 2 )(5.67xl(T 8 W/m 2 K 4 )[r ? 4 -(25 + 273K) 4 ] 
+ T„ = 317.2 K = 44.2°C 


(b) The solution in this case (the chips are facing down instead of up) is identical to the one above, except 
we must replace the constant 1.32 in the heat transfer coefficient relation by 0.59. Then the surface 
temperature in this case becomes 

6.48 W _ (0.59) ( 0.04 m - (25 + 2?3 ) K) ' “ 


(0.2 m) 


0.25 


+ (0.65)(0.04 m 2 )(5.67 x 1(T 8 W/m 2 K 4 )[T S 4 - (25 + 273 K) 4 ] 


= 323.3 K = 50.3°C 
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Air Cooling: Forced Convection 

15-94C Radiation heat transfer in forced air cooled systems is usually disregarded with no significant error 
since the forced convection heat transfer coefficient is usually much larger than the radiation heat transfer 
coefficient. 

15-95C We would definitely prefer natural convection cooling whenever it is adequate in order to avoid all 
the problems associated with the fans such as cost, power consumption, noise, complexity, maintenance, 
and possible failure. 

15-96C The convection heat transfer coefficient depends strongly on the average fluid velocity. Forced 
convection usually involves much higher fluid velocities, and thus much higher heat transfer coefficients. 
Consequently, forced convection cooling is much more effective. 

15-97C Increasing the flow rate of air will increase the heat transfer coefficient. Then from Newton's law 
of cooling Q conv = hA s (T s - T ^ uid ) , it becomes obvious that for a fixed amount of power, the temperature 

difference between the surface and the air will decrease. Therefore, the surface temperature will decrease. 
The exit temperature of the air will also decrease since Q conv = m a ir c P (Tout ~ T \ n ) an d the flow rate of air is 
increased. 

15-98C Fluid flow over a body is called external flow, and flow through a confined space such as a tube 
or the parallel passage area between two circuit boards in an enclosure is called internal flow. A fan cooled 
personal computer left in windy area involves both types of flow. 

15-99C For a specified power dissipation and air inlet temperature, increasing the heat transfer coefficient 
will decrease the surface temperature of the electronic components since, from Newton's law of cooling, 

Qconv ~ hA s (T s — T j hlid ) 

15-100C A fan at a fixed speed (or fixed rpm) will deliver a fixed volume of air regardless of the altitude 
and pressure. But the mass flow rate of air will be less at high altitude as a result of the lower density of air. 
This may create serious reliability problems and catastrophic failures of electronic equipment if proper 
precautions are not taken. Variable speed fans which automatically increase the speed when the air density 
decreases are available to avoid such problems. 

15-101C A fan placed at the inlet draws the air in and pressurizes the electronic box, and prevents air 
infiltration into the box through the cracks or other openings. Having only one location for air inlet makes 
it practical to install a filter at the inlet to catch all the dust and dirt before they enter the box. This allows 
the electronic system to operate in a clean environment. Also, the fan placed at the inlet handles cooler and 
thus denser air which results in a higher mass flow rate for the same volume flow rate or rpm. Being 
subjected to cool air has the added benefit that it increases the reliability and extends the life of the fan. The 
major disadvantage associated with the fan mounted at the inlet is that the heat generated by the fan and its 
motor is picked up by air on its way into the box, which adds to the heat load of the system. 

When the fan is placed at the exit, the heat generated by the fan and its motor is immediately 
discarded to the atmosphere without getting blown first into the electronic box. However, the fan at the exit 
creates a vacuum inside the box, which draws air into the box through inlet vents as well as any cracks and 
openings. Therefore, the air is difficult to filter, and the dirt and dust which collects on the components 
undermine the reliability of the system. 

15-102C The volume flow rate of air in a forced-air-cooled electronic system that has a constant speed fan 
is established at point where the fan static head curve and the system resistance curve intersects. Therefore, 
a fan will deliver a higher flow rate through a system which offers a lower flow resistance. A few PCBs 
added into an electronic box will increase the flow resistance and thus decrease the flow rate of air. 
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15-103C An undersized fan may cause the electronic system to overheat and fail. An oversized fan will 
definitely provide adequate cooling but it will needlessly be larger, noisier, more expensive, and will 
consume more power. 


15-104 A hollow core PCB is cooled by forced air. The outlet temperature of the air and the highest surface 
temperature are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an 
ideal gas. 4 The local atmospheric pressure is 1 atm. 5 The entire heat generated in electronic components 
is removed by the air flowing through the hollow core. 

Properties The air properties at the anticipated average Electronic components, 

30 W 

!® V V y y y y y y y y y y y .y i® <® 


temperature of 40°C and 1 atm (Table A- 15) are 
p = 1.127 kg/m 3 
Pr = 0.7255 


out 


c p = 1007 J/kg.°C 


k = 0.02662 W/m.°C 


v = 1.702 x 10~ 5 m z /s 


L = 20 cm 


Analysis ( a ) The cross-sectional area of 
the channel and its hydraulic diameter are 

A c = ( height)(width ) = (0.15 m)(0.0025 m) = 3.75 xlO" 4 m 

4 A c (4)(3.75xl0' 4 m 2 ) 


Air channel 
0.25 cm x 15 


D h = 


= 0.00492 m 


p (2)(0.15 m + 0.0025 m) 

The average velocity and the mass flow rate of air are 


V = 


V_ 

X 


lxl(T 3 m 3 /s 
3.75xl(T 4 m 2 


= 2.67 m/s 


m = pO = (1.127 kg/m 3 )(lxl0 3 m 3 / s) = 1.127 xlO’ 3 kg/ s 
Then the temperature of air at the exit of the hollow core becomes 
Q = mc p (T out - T in ) 


T =T + 

x out ± ui ^ 


Q 


= 30°C 


30 W 


me 


p (1.127x1 0' 3 kg/s)(1007 J/kg.°C) 

( b ) The highest surface temperature in the channel will occur near the exit, and the surface temperature 
there can be determined from 

tfconv ~ h(T s fluid) 

To determine heat transfer coefficient, we first need to calculate the Reynolds number, 


= 56.4°C 


Re = 


VD h (2.67 m/s)(0. 00492 m) 


v 


1.702xl0~ 5 m 2 /s 


= 771.8 <2300 


Therefore the flow is laminar. Assuming fully developed flow, the Nusselt number for the air flow in this 
rectangular cross-section corresponding to the aspect ratio of alb - height / width = 15 / 0.25 = 60 « go is 

determined from Table 15-3 to be Nu = 8.24 . Then, 

, k A , 0.02662 W/m.°C ^ 2 

h = Nu = (8.24) = 44.58 W/m 2 .°C 


D 


h 


0.00492 m 


The surface temperature of the hollow core near the exit is determined to be 


^s.max = T out + ~ = 56.4°C 
h 


(30 W)/(0.06m 2 ) 
(44.58 W/m 2 . °C) 


= 67.6°C 
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15-105 A hollow core PCB is cooled by forced air. The outlet temperature of the air and the highest surface 
temperature are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an 
ideal gas. 4 The local atmospheric pressure is 1 atm. 5 The entire heat generated in electronic components 
is removed by the air flowing through the hollow core. 

Properties The air properties at the anticipated average 
temperature of 40°C and 1 atm (Table A- 15) are 

p = 1.127 kg/m 3 


Electronic components, 
45 W 


c p = 1007 J/kg.°C 


Pr = 0.7255 


k = 0.02662 W/m.°C 


v = 1.702xl0 -5 m 2 /s 


Analysis ( a ) The cross-sectional area of 
the channel and its hydraulic diameter are 




Air channel 
0.25 cmxl5 cm 

-4 


A c = (height)(width) = (0.15 m)(0. 0025 m) = 3.75x10’ m 


4 A c (4)(3.75xl0' 4 m z ) 


D h = 


= 0.00492 m 


p (2)(0. 1 5 m + 0.0025 m) 

The average velocity and the mass flow rate of air are 


V = 


1 / 

X 


1 x 1 0 ~ 3 m 3 /s 
3.75xl0 -4 m 2 


= 2.67 m/s 


m = pO = (1.127 kg/m 3 )(lxl0 3 m 3 / s) = 1.127 xlO" 3 kg/ s 
Then the temperature of air at the exit of the hollow core becomes 
Q = mc p (T out - T m ) 


T —T + 

M out ± in ^ 


Q 


= 30°C + 


45 W 


me 


(1.127x1 0 -3 kg/s)(1007 J/kg.°C) 


= 69.7°C 


p 


(b) The highest surface temperature in the channel will occur near the exit, and the surface temperature 
there can be determined from 

tfconv ~ h(T s ~T fluid) 


To determine heat transfer coefficient, we first need to calculate the Reynolds number, 

Re = ™JL = (2-67 m/s)(0. 00492 m) = ^ < 230Q 
V 1.702xl0 -5 m 2 /s 

Therefore the flow is laminar. Assuming fully developed flow, the Nusselt number for the air flow in this 
rectangular cross-section corresponding to the aspect ratio of a / b = height / width = 15/ 0.25 = 60 « go is 
determined from Table 15-3 to be Nu = 8.24 . Then, 


h = -Lnu = 002662 W/m,°C (824) = 44.58 w/m 2 . c 


D. 


0.00492 m 


The surface temperature of the hollow core near the exit is determined to be 


T 

s, max 



+ i = 69 ? o C , (45 W)/(0.06 m 2 ) 
h ' (44.58 W/m 2 .°C) 


86.5°C 
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15-106 EES Prob. 15-104 is reconsidered. The effects of the power rating of the PCB and the volume flow 
rate of the air on the exit temperature of the air and the maximum temperature on the inner surface of the 
core are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

heights 5/1 00 [m] 
length=20/100 [m] 
width=0.25/100 [m] 

Q_dot_total=30 [W] 

T_in=30 [C] 

V_dot=1 [Us] 

"PROPERTIES" 

Fluid$- air' 

rho=Density(Fluid$, T=T_ave, P=1 01 .3) 

C_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C) 
k=Conductivity(Fluid$, T=T_ave) 

Pr=Prandtl(Fluid$, T=T_ave) 
mu=Viscosity(Fluid$, T=T_ave) 
nu=mu/rho 

T_ave=1/2*((T_in+T_out)/2+T_s_max) 

"ANALYSIS" 

"(a)" 

A_c=height*width 

p=2*(height+width) 

D_h=(4*A_c/p) 

Vel=(V_dot*Convert(L/s, m A 3/s))/A_c 
m_dot=rho*V_dot*Convert(L/s, m A 3/s) 

Q_d ot_tota I = m_d ot* C_p * (T_o u t-TJ n ) 

"(b)" 

Re=(Vel*D_h)/nu 

"Re is calculated to be smaller than 2300. Therefore, the flow is laminar. From Table 15-3 of the 
text" 

Nusselt=8.24 

h=k/D_h*Nusselt 

A=2*height*length 

Q_d ot_tota I = h * A* ( T_s_m ax-T_o u t ) 
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O t „ ta , |W| 

T ni jt [Cl 


20 

48.03 

55.36 

22 

49.94 

57.96 

24 

51.87 

60.58 

26 

53.83 

63.22 

28 

55.8 

65.87 

30 

57.8 

68.53 

32 

59.82 

71.21 

34 

61.86 

73.9 

36 

63.92 

76.61 

38 

66 

79.34 

40 

68.11 

82.08 

42 

70.24 

84.83 

44 

72.39 

87.61 

46 

74.57 

90.4 

48 

76.76 

93.2 

50 

78.98 

96.03 

52 

81.23 

98.87 

54 

83.5 

101.7 

56 

85.79 

104.6 

58 

88.11 

107.5 

60 

90.45 

110.4 


V [L/s] 

T OI it [Cl 

T s .max IC] 

0.5 

89.52 

99.63 

0.6 

78.46 

88.78 

0.7 

70.87 

81.34 

0.8 

65.33 

75.91 

0.9 

61.12 

71.78 

1 

57.8 

68.53 

1.1 

55.12 

65.91 

1.2 

52.91 

63.75 

1.3 

51.06 

61.94 

1.4 

49.49 

60.4 

1.5 

48.13 

59.07 

1.6 

46.96 

57.92 

1.7 

45.92 

56.91 

1.8 

45 

56.01 

1.9 

44.19 

55.21 

2 

43.46 

54.49 

2.1 

42.8 

53.85 

2.2 

42.2 

53.26 

2.3 

41.65 

52.73 

2.4 

41.15 

52.24 

2.5 

40.7 

51.8 
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15-107E A transistor mounted on a circuit board is cooled by air flowing over it. The power dissipated 
when its case temperature is 175°F is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an 
ideal gas. 3 The local atmospheric pressure is 1 atm. 

Properties The properties of air at 1 atm pressure and 
the film temperature of Tf= (r s +r flmd )/2 = (175+140)/2 
= 157. 5°F are (Table A-15E) 

k = 0.0166 Btu/h.ft.°F 

v = 0.214x 10 -3 ft 2 /s 
Pr = 0.718 

Analysis The transistor is cooled by forced convection 
through its cylindrical surface as well as its flat top 
surface. The characteristic length for flow over a 
cylinder is the diameter D=0. 2 in. Then, 

„ VD (400 / 60 ft/s)(0.2/12 ft) _ 

Re = = r — = 519 

V 0.214x 10 -3 ft 2 /s 


Air, 

140°F 



400 ft/min 


Power 
Transistor 
10 W 


which falls into the range of 40-4000. Using the appropriate relation from Table 15-2, the Nusselt number 
and the convection heat transfer coefficient are determined to be 


Nu = 0.683 Re 0466 Pr 1/3 = (0.683)(5 1 9) 0466 (0.7 1 8) 1 7 3 =1 1.3 


h _ k \r u _ 0-0166 Btu/h.ft. °F n , ^_ tl OD _ /u * 2 oi 
D (0.2 /12 ft) 


(1 1 .3) = 1 1 .2 Btu/h.ft 2 .°F 


The transistor loses heat through its cylindrical surface as well as its circular top surface. For convenience, 
we take the heat transfer coefficient at the top surfaces to be the same as that of the side surface. (The 
alternative is to treat the top surface as a flat plate, but this will double the amount of calculations without 
providing much improvement in accuracy since the area of the top surface is much smaller and it is circular 
in shape rather than being rectangular). Then, 

A cyl = kDL + xD 2 / 4 = n(0.2 / 12 ft)(0.25/12 ft) + ^(0.2/12 ft) 2 /4 = 0.0013 1 ft 2 
Q cy l=hA cyl {T s -T jj uid ) = (1 1.2 Btu/h.ft 2 ,°F)(0. 00131 ft 2 )(175 -140)°F = 0.514 Btu/h = 0.15 W 
since 1 W = 3.4121 Btu/h. Therefore, the transistor can dissipate 0.15 W safely. 
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15-108 A desktop computer is to be cooled by a fan safely in hot environments and high elevations. The air 
flow rate of the fan and the diameter of the casing are to be determined. 


Assumptions 1 Steady operation under worst conditions is 
considered. 2 Air is an ideal gas. 

Properties The specific heat of air at the average 
temperature of r avg = (45+60)/2 = 52.5°C is c p = 1007 
J/kg.°C (Table A- 15) 

Analysis The fan selected must be able to meet the 
cooling requirements of the computer at worst 
conditions. Therefore, we assume air to enter the 
computer at 66.63 kPa and 45°C, and leave at 60°C. 

Then the required mass flow rate of air to absorb heat 
generated is determined to be 


Cooling air 

>• 


45°C 
66.63 kPa 



Q = mc p (T out -T in )->m = 


Q 


75 W 


Cp ( Tout - T in ) 


(1007 J/kg.°C)(60-45)°C 


= 0.00497 kg/s = 0.298 kg/min 


The density of air entering the fan at the exit and its volume flow rate are 


P 66.63 kPa 

P = = 7 

RT (0.287 kPa.m J /kg.K)(60 + 273)K 

• m 0.298 kg/min . 3f . 

V = — = = 0.427 rrr/min 

P 0.6972 kg/m 3 


0.6972 kg/m 3 


For an average exit velocity of 1 10 m/min, the diameter of the casing of the fan is determined from 

2 


{/ = AV = ^—V 


->D = 


41/ (4)(0.427 m/min) 


nV 


1 1 0 m/min) 


= 0.070 m = 7.0 cm 
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15-109 A desktop computer is to be cooled by a fan safely in hot environments and high elevations. The air 
flow rate of the fan and the diameter of the casing are to be determined. 

Assumptions 1 Steady operation under worst conditions is 
considered. 2 Air is an ideal gas. 

Properties The specific heat of air at the average 
temperature of r avg = (45+60)/2 = 52.5°C is c p = 1007 
J/kg.°C (Table A- 15) 


Analysis The fan selected must be able to meet the 
cooling requirements of the computer at worst 
conditions. Therefore, we assume air to enter the 
computer at 66.63 kPa and 45°C, and leave at 60°C. 
Then the required mass flow rate of air to absorb heat 
generated is determined to be 


Cooling air 

45°C 
66.63 kPa 



60°C 
110 m/min 




Q = rhcJT out -T in )^>m = 


Q 


100 w 


c D (T 0Ut -T in ) (1007 J/kg.°C)(60-45)°C 


= 0.00662 kg/s = 0.397 kg/min 


The density of air entering the fan at the exit and its volume flow rate are 
P 66.63 kPa 


P = 


m 

{/ = — = 


RT (0.287 kPa.m 3 /kg.K)(60 + 273)K 

0.397 kg/min 3 , . 

= 0.570 rrr/min 


= 0.6972 kg/m 


P 0.6972 kg/m 

For an average exit velocity of 1 10 m/min, the diameter of the casing of the fan is determined from 


v = a c v= 


7lD 


V 


->D = 


40/ (4)(0.570 m/min) 


nV 


7r( 1 10 m/min) 


= 0.081 m = 8.1 cm 
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15-110 A computer is cooled by a fan, and the temperature rise of air is limited to 15°C. The flow rate of 
air, the fraction of the temperature rise of air caused by the fan and its motor, and maximum allowable air 
inlet temperature are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is 
1 atm. 4 The entire heat generated in electronic components is removed by the air flowing through the 
opening between the PCBs. 5 The entire power consumed by the fan motor is transferred as heat to the 
cooling air. 


Properties We use air properties at 1 atm and 30°C since air 
enters at room temperature, and the temperature rise is 
limited to 15°C (Table A- 15) 


p = 1.164 kg/m 3 
c p =1007 J/kg.°C 
Pr = 0.728 

k = 0.0259 W/m.°C Air 

v = 1.61xl0 -5 m 2 / s 

Analysis ( a ) Because of symmetry, we consider the flow area 
between the two adjacent PCBs only. We assume the flow rate 
of air through all 8 channels to be identical, and to be equal to 
one-eighth of the total flow rate. The total mass and volume 
flow rates of air through the computer are determined from 


/ 




vwSwwKw 
SvS SwJwJwJ I 

KWWWR * 1 ? rm 

&& ■ 


18 cm 



0.3 cm 


Q = file p (T out - T UI ) 


= 



[(8 x 1 2) + 1 5] J/s 
( 1 007 J/kg.°C)( 1 5°C) 


0.00735 kg/s 



0.00735 kg/s 
1.164 kg/m 3 


= 0.00631m 3 /s 


Noting that we have 8 PCBs and the flow area between the PCBs is 0.12 m and 0.003 m wide, the air 
velocity is determined to be 


V = 



(0.006819m 3 /s)/8 

= 2.37 m/s 

(0.12 m)(0. 003 m) 


(b) The temperature rise of air due to the 15 W of power consumed by the fan is 
Qfan 15 W 


AL, = 


air 


me p (0.00735 kg/s)(1007 J/kg.°C) 


= 2.0°C 


Then the fraction of temperature rise of air which is due to the heat generated by the fan becomes 


/ 


2 0°C 

— — — x 1 00 = 1 3.5% 
15°C 


(c) To determine the surface temperature, we need to evaluate the convection heat transfer coefficient, 
A c = ( height)(yvidth ) = (0.12m)(0.003m) = 0.00036m 2 



Re = 


4 Ac 

P 

VD h 


V 


(4)(0. 00036 m 2 ) 
(2)(0.12 m + 0.003 m) 
(2.37 m/s)(0. 00585 m) 
1.61xl0~ 5 m 2 /s 


= 0.00585 m 
= 861 <2300 


Therefore, the flow is laminar. (Actually, the components will cause the flow to be turbulent. The laminar 
assumption gives conservative results). Assuming fully developed flow, the Nusselt number for the air 
flow through this rectangular channel corresponding to the aspect ratio a lb = 12 / 0.3 = 40 « go is 
determined from Table 15-3 to be Nu = 8.24 . Then the heat transfer coefficient becomes 
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h = 


k 


D 


Nu = 


0.0259 W/m.°C 
0.00585 m 


(8.24) = 36.5 W/m 2 .°C 


Disregarding the entrance effects, the temperature difference between the surface of the PCB and the air 
anywhere along the channel is determined to be 

Q 12 W 


T s ? fluid 


hA. 


(36.5 W/m 2 .°C)(0.12x0. 18 m 2 ) 


= 15.2°C 


The highest air and component temperatures will occur at the exit. Therefore, in the limiting case, the 
component surface temperature at the exit will be 90°C. The air temperature at the exit in this case will be 


t =r - AT • 

out, max s, max rise 


= 90°C -15.2°C = 74.8°C 


Noting that the air experiences a temperature rise of 15°C between the inlet and the exit, the inlet 
temperature of air becomes 

Tin , max = T 0 „ -15°C = 74.8°C-15°C = 59.8°C 


15-111 An array of power transistors is to be cooled by mounting them on a square aluminum plate and 
blowing air over the plate. The number of transistors that can be placed on this plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is 
1 atm. 4 The entire heat generated by transistors is removed by the air flowing over the plate. 5 The heat 
transfer from the back side of the plate is negligible. 

Properties The properties of air at the free stream temperature of 30°C are (Table A- 15) 
p = 1.164 kg/m 3 


c p = 1007 J/kg.°C 
Pr = 0.728 
k = 0.0259 W/m.°C 

v = 1.61xl0 -5 m 2 /s 

Analysis The plate area and the convection heat transfer 
coefficient are determined to be (from Table 15-2) 

A, = (0.2 m)(0.2m) = 0.04 m 2 


__ VL (3m/s)(0.2m) __ 

Re = — = — — -- = 37,267 

v 1.61xl0" 5 m 2 /s 

Nu = 0.664 Re 1/2 Pr 1/3 = (0.664)(37,267) 1/2 (0.728) 


h k 0.0259 W/m °C /11g „, 
L 0.2 m 


(115.3) = 14.9 W/m 2 .°C 


Air 
30°C 
3 m/s 


Plate 

20 cm x 20 


Transistors, 
2 W 



L = 60°C 


1/3 


= 115.3 


The rate of heat transfer from the plate is 

Qconv = hA, (T s - T md ) = (14.9 W/m 2 .°C)(0.04 m 2 )(60 - 30)°C = 17.9 W 


Then the number of transistors that can be placed on this plate becomes 


17.9 W 

n = 

2 W 


= 9 


transistors 
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15-112 An array of power transistors is to be cooled by mounting them on a square aluminum plate and 
blowing air over the plate. The number of transistors that can be placed on this plate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is 
83.4 kPa. 4 The entire heat generated by transistors is removed by the air flowing over the plate. 5 The heat 
transfer from the back side of the plate is negligible. 

Properties At an elevation of 1610 m, the atmospheric pressure is 83.4 kPa or 

1 atm 


P = (83.4 kPa) 


= 0.823 atm 


Plate 

20 cmx 20 cm 


Transistors, 
2 W 


Air 
30°C 
3 m/s 


101.325 kPa 

The properties of air at 30°C are (Table A- 15) 

p = 1.164 kg/m 3 
c p = 1007 J/kg.°C 
Pr = 0.728 
k = 0.0259 W/m.°C 

v = 1.61xl0~ 5 m 2 /s/0.823 = 1.96xl0~ 5 m 2 /s 

Analysis The plate area and the convection heat transfer coefficient are determined to be (from Table 15-2) 



T, = 60°C 


A s = (0.2 m)(0.2m) = 0.04 m 


Re = 


VL (3m/s)(0.2m) 

V 1.96xl0~ 5 m 2 /s 


= 30,612 


Nu = 0.664 Re 1/2 Pr 1/3 = (0.664)(30,612) 1/2 (0.728) 1/3 =104.5 

h = —Nu = 0,0259 W/m -° C (104.5) = 13.5 W/m 2 .°C 
L 0.2 m 

The rate of heat transfer from the plate is 

Q com ,=hA s (T s - T fluid ) = (1 3.5 W/m 2 ,°C)(0.04 m 2 )(60 - 30)°C = 1 6.2 W 

Then the number of transistors that can be placed on this plate becomes 
16.2 W 


n = 


2 W 


= 8 transistors 
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15-113 EES Prob. 15-111 is reconsidered. The effects effects of air velocity and the maximum plate 
temperature on the number of transistors are to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

Q_dot=2 [W] 

L=0.20 [m] 

T_air=30 [C] 

Vel=3 [m/s] 

T_plate=60 [C] 

"PROPERTIES" 

Fluid$- air' 

rho=Density(Fluid$, T=T_air, P=1 01 .3) 
k=Conductivity(Fluid$, T=T_air) 
Pr=Prandtl(Fluid$, T=T_air) 
mu=Viscosity(Fluid$, T=T_air) 
nu=mu/rho 

"ANALYSIS" 

A=L A 2 

Re=(Vel*L)/nu 

Nusselt=0.664*Re A 0.5*Pr A (1/3) 

h=k/L*Nusselt 

Q_dot_conv=h*A*(T_plate-T_air) 
n transistor=Q dot conv/Q dot 


Vel [m/s] 

^transistor 

1 

5.173 

1.5 

6.335 

2 

7.315 

2.5 

8.179 

3 

8.96 

3.5 

9.677 

4 

10.35 

4.5 

10.97 

5 

11.57 

5.5 

12.13 

6 

12.67 

6.5 

13.19 

7 

13.69 

7.5 

14.17 

8 

14.63 
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T D iate [C] 

^transistor 

40 

2.987 

42.5 

3.733 

45 

4.48 

47.5 

5.226 

50 

5.973 

52.5 

6.72 

55 

7.466 

57.5 

8.213 

60 

8.96 

62.5 

9.706 

65 

10.45 

67.5 

11.2 

70 

11.95 

72.5 

12.69 

75 

13.44 

77.5 

14.19 

80 

14.93 
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75x0.15 

rdMiMaSv^ w v ^ w v « x 


15-114 An enclosure containing an array of circuit boards is cooled by forced air flowing through the 
clearance between the tips of the components on the PCB and the back surface of the adjacent PCB. The 
exit temperature of the air and the highest surface temperature of the chips are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an 
ideal gas. 3 The local atmospheric pressure is 1 atm. 4 The 
entire heat generated by the PCBs is removed by the air 
flowing through the clearance inside the enclosure. 5 The heat 
transfer from the back side of the circuit board is negligible. 

Properties We use the properties of air at 1 atm 
and 40°C (Table A- 15) 

3 

Air 
40°C 

Pr = 0.726 300 

k = 0.0266 W/m.°C 

v = 1.7xl0 -5 m 2 /s 


p = 1.127 kg/m 


c p =1007 J/kg.°C 






+ + * 


mmm 






IK 


cm 







mm 


Analysis The volume and the mass flow rates of air are 

Q 3 kJ/s 


Q = the AT > fit - 


c p AT (4. 1 8 kJ/kg.°C)(4°C) 


0.1794 kg/s 


Then the exit temperature of air is determined from 


Q = mc p {T out - T in ) 


-> j = T + 

^ J out ± in ^ 


= 40°C 


(75x0. 15)W 


= 44.4°C 


me 


p (0.0025 5 kg/s)( 1 007 J/kg.°C) 

To determine the surface temperature, we need to calculate the convection heat transfer coefficient first, 
A. =(0.15m)(0.2m) = 0.03 m 2 


A c =(0.15 m)(0.003m) = 0.00045 m 


D h = 


Re = 


4 A c _ (4)(0. 00045 m z ) 

V(2)(0.15m + 0.003m) 
VD h (300 / 60 m/s)(0.0059 m) 

v 1.7xl0~ 5 m 2 /s 


= 0.0059 m 


= 1735 <2300 


Therefore, the flow is laminar. Assuming fully developed flow, the Nusselt number for the air flow in this 
rectangular cross-section corresponding to the aspect ratio of a/ b = height / width = 15/0.3 = 50«co is 

determined from Table 15-3 to be Nu = 8.24 . Then, 

h = — Nu = (8.24) = 37.1 W/m 2 .°C 

L 0.0059 m 


The highest surface temperature of the chips then becomes 

Q 


Q - hA s ( T s max - T fj uid ) 


fluid 


+T =T . + 

' s, max air, out 


hA t 


= 44.4°C 


(75x0.15) W 


(37.1 W/m 2 . °C)(0.03m 2 ) 


= 54.5°C 
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15-115 The components of an electronic system located in a horizontal duct of rectangular cross-section 
are cooled by forced air flowing through the duct. The exit temperature of air and the highest component 
surface temperature in the duct are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is 
1 atm. 

Properties We use the properties of air at 1 atm and 30°C (Table A-15) 

p = 1.164 kg/m 3 
c p = 1007 J/kg.°C 
Pr = 0.728 
k = 0.0259 W/m.°C 

v = 1.61xl0 -5 m 2 /s 

Analysis ( a ) The rate of heat transfer from the 
components to the forced air in the duct is 

Q = (0.80)(120 W) = 96 W 0.5 m 3 /min 

The mass flow rate of air is 

m = pO - (1.164 kg/m 3 )(0. 5/60 m 3 /s) = 0.0097 kg/s 



Then the exit temperature of air is determined from 

Q 


Q = me p (T out - T m ) 


> T =T + 

^ * out x in ^ 


= 30°C 


96 W 


me p (0.0097 kg/s)( 1 007 J/kg.°C) 


= 39.8°C 


(b) The highest surface temperature can be determined from 

Qconv ~ hA s (T s - T fluid ) 

But we first need to determine convection heat transfer coefficient, 
A s = (4)(1 m)(0.20 m) = 0.8 m 2 

0 (0.5 / 60 m 3 /s) 


V = 


A. 


(0.20 m) 


= 0.208 m/s 


p VDk (0.208 m/s)(0.20 m) 2;gg 


V 


1.61x 10 -5 m 2 /s 


From Table 15-2, 


Nu = 0.102 Re 0 ' 675 Pr 1/3 = (0.102)(2588)°' 675 ( 0.72 8) 1/3 =18.5 


, k 

h = Nu = 

D,, 


0.0259 W/m.°C 

0.20 m 


(18.5) = 2.39 W/m 2 .°C 


Then the highest component surface temperature in the duct becomes 

Q 


Q hA s (T s )inax T air, out 


) 


-> T — T + 

s, max cur, out 


hA, 


= 39.8°C + 


96 W 


(2.39 W/m 2 .°C)(0.8m 2 ) 


= 90.0°C 
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15-116 The components of an electronic system located in a circular horizontal duct are cooled by forced 
air flowing through the duct. The exit temperature of air and the highest component surface temperature in 
the duct are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is 
1 atm. 


Properties We use the properties of air at 1 atm and 30°C (Table A-15) 


p = 1.164 kg/m 3 
c p = 1007 J/kg.°C 
Pr = 0.728 
k = 0.0259 W/m.°C 

v = 1.61xl0 -5 m 2 /s 

Analysis ( a ) The rate of heat transfer from the 
components to the forced air in the duct is 

Q = (0.80)(120 W) = 96 W 



L = 1 m 

> 


The mass flow rate of air is 


m = pO = (1.164 kg/m 3 )(0. 5/60 m 3 /s) = 0.0097 kg/s 


Then the exit temperature of air is determined from 

Q 


Q = me p (T out - T m ) 


> T =T + 

^ * out x in ^ 


= 30°C 


96 W 


me p (0.0097 kg/s)( 1 007 J/kg.°C) 


= 39.8°C 


(b) The highest surface temperature can be determined from 

Qconv ~ hA s (T s - Tj hlid ) 

But we first need to determine convection heat transfer coefficient, 
A s - nDL = zr(0. 1 m)(lm) = 0.314m 2 

_^ = (0.5/60mVs) = 


Re = 


A ;r(0.10 m) 2 / 4 
VD (1 .06 1 m/s)(0. 10 m) 


V 


1.61xl0' 5 m 2 /s 


= 6590 


From Table 15-2, 


Nu = 0.102 Re 0 ' 675 Pr 1/3 = (0.102)(6590) 0 ' 675 (0.728) 1/3 =34.7 


, k 

h = Nu = 

D,, 


0.0259 W/m.°C 
0.10m 


(34.7) =8.99 W/m 2 .°C 


Then the highest component surface temperature in the duct becomes 

Q 


Q hA s (T s max T air, out 


) 


-±T — T ■ 4 - 

s, max air, out 


hA. 


= 39.8°C + 


96 W 


(8.99 W/m 2 .°C)(0.314m z ) 


= 73.8°C 
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Liquid Cooling 

15-1 17C When both are adequate, we would prefer forced air cooling in order to avoid the potential risks 
and problems associated with water cooling such as leakage, corrosion, extra weight, and condensation. 

15-1 18C In direct cooling systems, the electronic components are in direct contact with the liquid, and thus 
the heat generated in the components is transferred directly to the liquid. In indirect cooling systems, 
however, there is no direct contact with the components. The heat generated in this case is first transferred 
to a medium such as a cold plate before it is removed by the liquid. 

15-1 19C In closed loop cooling systems the liquid is recirculated while in the open loop systems the liquid 
is discarded after use. The heated liquid in closed loop systems is cooled in a heat exchanger, and it is 
recirculated through the system. In open loop systems, liquid (usually tap water) flows through the cooling 
system is discarded into a drain after it is heated. 

15-120C The properties of a liquid ideally suited for cooling electronic equipment include high thermal 
conductivity, high specific heat, low viscosity, high surface tension, high dielectric strength, chemical 
inertness, chemical stability, being non toxic, having low freezing and high boiling points, and low cost. 


15-121 A cold plate is to be cooled by water. The mass flow rate of water, the diameter of the pipe, and the 
case temperature of the transistors are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 About 25 percent of the heat generated is dissipated 
from the components to the surroundings by convection and radiation. 

Properties The properties of water at room temperature are p = 1000 kg/m' and c p = 4180 J/kg.°C (Table 
A-9). 

Analysis Noting that each of the 10 transistors dissipates 40 
W of power and 75% of this power is removed by the 
water, the rate of heat transfer to the water is 

Q - (10 transistors)(40 W/transistor)(0.75) = 300 W 

In order to limit the temperature rise of water to 4°C, the 
mass flow rate of water must be no less than 


Cold plate 


Water 

inlet 


m - 


Q 


300 W 


c AT 

u rise 


= 0.0179 kg/s = 1.08 kg/min 


(4 1 80 J/kg.°C)(4°C) 

The diameter of the pipe to maintain the velocity under 0.5 m/s is determined from 



Transistors 
40 W 


. r/ nD r/ 
m = pA c V = p V 


D = 


4 m 


4(0.0179 kg/s) 


= 0.0068 m = 0.68 cm 


npV y #(1000 kg/m 3 )(0.5 m/s) 

Noting that the case-to-liquid thermal resistance is 0.04 °C/W, the case temperature of the transistors is 


Q = 


T -T 

case liquid 


R 


case-liquid 


■» T case = T' liquid + case-liquid = 25°C + (300 W)(0.04 °C/W) = 37°C 
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15-122 EES Prob. 15-121 is reconsidered. The effect of the maximum temperature rise of the water on the 
mass flow rate of water, the diameter of the pipe, and the case temperature is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 

"GIVEN" 
n_transistor=10 
Q_dot=40 [W] 

DELTAT_water=4 [C] 

Vel=0.5 [m/s] 
f_ConvRad=0.25 
f_water=0.75 
R_CaseLiquid=0.04 [C/W] 

T_water=25 [C] 

"PROPERTIES" 

Fluid$='water' 

rho=Density(Fluid$, T=T_water, P=101.3) 

C_p=CP(Fluid$, T=T_water, P=101.3)*Convert(kJ/kg-C, J/kg-C) 

"ANALYSIS" 

Q_d ot_tota I = n_tra n s i sto r* Q_d ot*f_wate r 

m_dot=Q_dot_total/(C_p*DELTAT_water)*Convert(kg/s, kg/min) 
m_dot*Convert(kg/min, kg/s)=rho*A*Vel 
A=pi*(D*Convert(mm, m)) A 2/4 
Q_dot_total=(T_case-T_water)/R_CaseLiquid 


AT wa ter [C] 

m [kg/min] 

D [mm] 

Tease [C] 

1 

4.31 

13.54 

37 

1.5 

2.873 

11.05 

37 

2 

2.155 

9.574 

37 

2.5 

1.724 

8.563 

37 

3 

1.437 

7.817 

37 

3.5 

1.231 

7.237 

37 

4 

1.077 

6.77 

37 

4.5 

0.9578 

6.382 

37 

5 

0.862 

6.055 

37 

5.5 

0.7836 

5.773 

37 

6 

0.7183 

5.527 

37 

6.5 

0.6631 

5.31 

37 

7 

0.6157 

5.117 

37 

7.5 

0.5747 

4.944 

37 

8 

0.5387 

4.787 

37 

8.5 

0.507 

4.644 

37 

9 

0.4789 

4.513 

37 

9.5 

0.4537 

4.393 

37 

10 

0.431 

4.281 

37 
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15-123E Electronic devices mounted on a cold plate is 
cooled by water. The amount of heat generated by the 
electronic devices is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 About 
15 percent of the heat generated is dissipated from the 
components to the surroundings by convection and 
radiation. 

Properties The properties of water at room temperature are 
p = 62.2 lbm/ft 3 and c p = 0.998 Btu/lbm.°F. 

Analysis The mass flow rate of water and the rate of heat 
removal by the water are 


Cold plate 



Water 
Inlet, 95°F 


105°F 


Transistor 


m = pA c V = p ~~~ V = (62.2 lbm/ft 3 ) ^ (60 ft/min) = 1.272 lbm/min = 76.33 lbm/h 

Q = me p (T out -T in ) = (76.33 lbm/h)(0.998 Btu/lbm.°F)(105-95)°F = 761.8 Btu/h 


which is 85 percent of the heat generated by the electronic devices. Then the total amount of heat generated 
by the electronic devices becomes 


Q 


761.8 Btu/h 
0.85 


= 896 Btu/h = 263 W 


15-124 A sealed electronic box is to be cooled by tap water flowing 
through channels on two of its sides. The mass flow rate of water and the 
amount of water used per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Entire heat generated 
is dissipated by water. 

Properties The specific heat of water at room temperature is c p = 4180 
J/kg.°C. 

Analysis The mass flow rate of tap water flowing through the electronic 
box is 

O 2 kT/s 

Q = me „ A T > m = = = 0.1595 kg/s 

p c p AT (4. 1 8 kJ/kg.°C)(3°C) 

Therefore, 0. 1595 kg water is needed per second to cool this electronic 
box. Then the amount of cooling water used per year becomes 

m = mAt = (0.1595 kg/s)(365 days/yrx 24 h/dayx3600s/h) 

= 5,030,000 kg/yr = 5030 tons/yr 


Water 

Inlet 



1 



Electronic 

box 



2 kW 



Water 

exit 



2 
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15-125 A sealed electronic box is to be cooled by tap water flowing 
through channels on two of its sides. The mass flow rate of water and the 
amount of water used per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Entire heat generated 
is dissipated by water. 

Properties The specific heat of water at room temperature is c p = 4180 J/kg.°C. 
Analysis The mass flow rate of tap water flowing through the electronic box is 

O 3kT/s 

Q - me AT > m = — = = 0.2392 kg/s 

p c p AT (4. 1 8 kJ/kg.°C)(3°C) 

Therefore, 0.2392 kg water is needed per second to cool this electronic 
box. Then the amount of cooling water used per year becomes 

m = mAt = (0.2392 kg/s)(365 days/yrx 24 h/day x 3600 s/h) 

= 7,544,500 kg/yr = 7545tons/yr 


Water 

Inlet 



1 



Electronic 
box 
3 kW 


' ' 

Water 

exit 

2 



Immersion Cooling 

15-126C The desirable characteristics of a dielectric liquid used in immersion cooling of electronic devices 
are non-flammability, being chemically inert, compatibility with materials used in electronic equipment, 
and low boiling and freezing points. 


15-127C An open loop immersion cooling system involves an external reservoir which supplies liquid 
continually to the electronic enclosure. The vapor generated inside is allowed to escape to the atmosphere. 
A pressure relief valve on the vapor vent line keeps the pressure and thus the temperature inside the 
enclosure at a preset value. In a closed loop immersion system, the vapor is condensed and returned to the 
electronic enclosure instead of being purged into the atmosphere. 


15-128C In external immersion cooling systems, the vapor is condensed outside the enclosure whereas in 
internal immersion cooling systems the vapor is condensed inside the enclosure by circulating a cooling 
fluid through the vapor. Therefore, in condenser is built into the enclosure in internal immersion cooling 
systems whereas it is placed outside in external immersion cooling systems. 


15-129C The heat transfer coefficient is much greater in the boiling heat transfer than it is in the forced air 
or liquid cooling. Therefore, in the cooling of high-power electronic devices, boiling heat transfer is used 
to achieve high cooling rates with minimal temperature differences. 
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15-130 A logic chip is to be cooled by immersion in a dielectric fluid. The minimum heat transfer 
coefficient and the type of cooling mechanism are to be determined. 

Assumptions Steady operating conditions exist. 

Analysis The average heat transfer coefficient over the surface 20°C 

of the chip is determined from Newton's law of cooling to be 

Q = hA s (T chip - T fluid ) 


A s (Tchip T [fluid ) 

= AT = 2667 w/m 2 -° c 

(0.3 xlO' 4 m 2 )(70-20)°C 

which is rather high. An examination of Fig. 15-62 reveals that 
we can obtain such heat transfer coefficients with the boiling of 
fluorocarbon fluids. Therefore, a suitable cooling technique in 
this case is immersion cooling in such a fluid. 



15-131 A chip is cooled by boiling in a dielectric fluid. The surface temperature of the chip is to be 
determined. 


Assumptions The boiling curve in Fig. 15-63 is prepared for a 
chip having a surface area of 0.457 cm - being cooled in FC86 
maintained at 5°C. The chart can be used for similar cases with 
reasonable accuracy. 

Analysis The heat flux in this case is 


<7 = 



6W = 12 W/cm 2 
0.5 cm 2 


The temperature of the chip surface corresponding to this heat 
flux is determined from Fig. 15-63 to be 


T chip ~ T fluid = 57°C -> T chip = (T fluid + 57)°C = (25 + 57)°C = 82 ° 


25°C 



Chip 
6 W 
25°C 
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15-132 A logic chip is cooled by immersion in a dielectric fluid. The heat flux and the heat transfer 
coefficient on the surface of the chip and the thermal resistance between the surface of the chip and the 
cooling medium are to be determined. 

Assumptions Steady operating conditions exist. 

Analysis {a) The heat flux on the surface of the chip is 

Q 


q = 


A, 0.8 cm 


3 5 W 7 

= 4.375 W/cm 2 


( b ) The heat transfer coefficient on the surface of the 
chip is 

Q = hA s (T chip - Tj luid ) 

Q 


h = 


A s (T c hi P Tj hlld ) 

3.5 W 


= 972 W/m.C 


50°C 



(0.8x 10" 4 m 2 )(95 -50)°C 
(c) The thermal resistance between the surface of the chip and the cooling medium is 

(95-50)°C 


Q = 


T - T 

chip fluid 


R 




chip- fluid 


chip- fluid 


T -T 

chip fluid 

(> 


3.5 W 


= 12.9°CA¥ 
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15-133 EES Prob. 15-132 is reconsidered. The effect of chip power on the heat flux, the heat transfer 
coefficient, and the convection resistance on chip surface is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"GIVEN" 

Q_dot_total=3.5 [W] 

T_ambient=50 [C] 

T_chip=95 [C] 

A=0.8 [cm A 2] 

"ANALYSIS" 
q_d ot= Q_d ot_tota I /A 

Q_dot_total=h*A*Convert(cm A 2, m A 2)*(T_chip-T_ambient) 
Q_dot_total=(T_chip-T_ambient)/R_ChipFluid 


O total [W1 

q [W/cm 2 l 

h [W/m 2 -C] 

RchiDFIuid [CAY] 

2 

2.5 

555.6 

22.5 

2.5 

3.125 

694.4 

18 

3 

3.75 

833.3 

15 

3.5 

4.375 

972.2 

12.86 

4 

5 

mi 

11.25 

4.5 

5.625 

1250 

10 

5 

6.25 

1389 

9 

5.5 

6.875 

1528 

8.182 

6 

7.5 

1667 

7.5 

6.5 

8.125 

1806 

6.923 

7 

8.75 

1944 

6.429 

7.5 

9.375 

2083 

6 

8 

10 

2222 

5.625 

8.5 

10.63 

2361 

5.294 

9 

11.25 

2500 

5 

9.5 

11.88 

2639 

4.737 

10 

12.5 

2778 

4.5 
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15-134 A computer chip is to be cooled by immersion in a dielectric fluid. The minimum heat transfer 
coefficient and the appropriate type of cooling mechanism are to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The average heat transfer coefficient over the surface 
of the chip is determined from Newton's law of cooling to be 

Q = hA s (T chip - Tj luid ) 

*= i 

M T ddp ~ T fluid) (0.4xl0‘ 4 m‘)(55-10)°C 

= 2778 W/m 2 .°C 

which is rather high. An examination of Fig. 15-62 reveals that 
we can obtain such heat transfer coefficients with the boiling of 
fluorocarbon fluids. Therefore, a suitable cooling technique in 
this case is immersion cooling in such a fluid. 


10°C 



15-135 A chip is cooled by boiling in a dielectric fluid. The 
surface temperature of the chip is to be determined. 

Assumptions The boiling curve in Fig. 15-63 is prepared for a 
chip having a surface area of 0.457 cm" being cooled in FC86 
maintained at 5°C. The chart can be used for similar cases with 
reasonable accuracy. 

Analysis The heat flux in this case is 

q=-^-= 3W =15W/cm 2 
A s 0.2 cm 2 

The temperature of the chip surface corresponding to this 
value is determined from Fig. 15-63 to be 


45°C 



T chip - T fluid = 63°C > T chip = (T flmd + 63)°C = (45 + 63)°C = 1 08°C 
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15-136 A chip is cooled by boiling in a dielectric fluid. The maximum power that the chip can dissipate 
safely is to be determined. 


Assumptions The boiling curve in Fig. 15-63 is prepared for a 
chip having a surface area of 0.457 cm" being cooled in FC86 
maintained at 5°C. The chart can be used for similar cases with 
reasonable accuracy. 

Analysis The temperature difference between the chip surface 
and the liquid is 

Tckip-T fluid = (60 - 35)°C = 25°C 

Using this value, the heat flux can be determined from Fig. 15- 
63 to be 

q = 3.3 W/cm 2 

Then the maximum power that the chip can dissipate safely 
becomes 


35°C 



Q = qA s = (3.3 W/cm 2 )(0.3 cm 2 ) = 0.99 W 


15-137 An electronic device is to be cooled by immersion in a dielectric fluid. It is to be determined if the 
heat generated inside can be dissipated to the ambient air by natural convection and radiation as well as the 
heat transfer coefficient at the surface of the electronic device. 


Assumptions Steady operating conditions exist. 

Analysis Assuming the surfaces of the cubic enclosure to 
be at the temperature of the boiling dielectric fluid at 60 °C , 
the rate at which heat can be dissipated to the ambient air at 
20 °C by combined natural convection and radiation is 
determined from 

Q = hA s (T s - r air ) = h(6a 2 )(T S - ) 

= (10 W/m 2 ,°C)[6( 1 m) 2 ](60 - 20)°C = 2400 W = 2.4 kW 

Therefore, the heat generated inside the cubic enclosure can 
be dissipated by natural convection and radiation. The heat 
transfer coefficient at the surface of the electronic device is 


60°C 



T air = 20°C 
2 kW 


Q ~ hA s (T s - Tj luid ) > h - 


Q 


2000 W 


MT S -T fluid ) (0.012 m 2 )(80-60)°C 


8333 W/m 2 . °C 


Review Problems 

15-138C For most effective cooling, (1) the transistors must be mounted directly over the cooling lines, (2) 
the thermal contact resistance between the transistors and the cold plate must be minimized by attaching 
them tightly with a thermal grease, and (3) the thickness of the plates and the tubes should be as small as 
possible to minimize the thermal resistance between the transistors and the tubes. 

15-139C There is no such thing as heat rising. Only heated fluid rises because of lower density due to 
buoyancy. Heat conduction in a solid is due to the molecular vibrations and electron movement, and 
gravitational force has no effect on it. Therefore, the orientation of the bar is irrelevant. 
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15-140 A multilayer circuit board consisting of four layers of copper and three layers of glass-epoxy 
sandwiched together is considered. The magnitude and location of the maximum temperature that occurs in 
the PCB are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct 
heat dissipation from the surface of the PCB, and thus all the heat generated is conducted by the PCB to the 
heat sink. 


Heat 

sink 


11.25 W 10.5 W 9 W 7.5 W 6W 4.5 W 3W 1.5 W 

AWvwvwvwvwwvwTm^ 


u 


1 cm 

>\ 


1 cm | 


i | 



■< 


Analysis The effective thermal conductivity of 
the board is determined from 

(Ai*i ) copper = 4[(3 86 W/m.°C)(0.0001 m)] - 0.1544 W/°C 
(k 2 t 2 ) epoxy = 3[(0-26 W/m.°C)(0.0005 m)] = 0.00039 W/°C 

_ (Gi) copper + (kih) epoxy (0.1544 + 0.00039) W/°C 

eff ~ t x +t 2 ~ 4(0.0001m) + 3(0.0005m) 

= 81.5 W/m.°C 



The maximum temperature will occur in the middle of the board which is farthest away from the heat sink. 
We consider half of the board because of symmetry, and divide the region in 1-cm thick strips, starting at 
the mid-plane. Then from Fourier’s law, the temperature difference across a strip can be determined from 


Q ~ k e ffA 


A T 
L 


AT = 


QL_ 

k eff A 


where L= 1 cm = 0.01 m (except it is 0.5 cm for the strip attached to the heat sink), and the heat transfer 
area for all the strips is 

^4 = (0.15 m)[4(0.0001 m) + 3(0.0005 m)] = 0.000285 m 2 


Then the temperature at the center of the board is determined by adding the temperature differences across 
all the strips as 


AT, 


center-heat sink 


-z 


QL (Q\ + Qi + £?3 + Q 4 + Qs + 06 + 07 + Qs / 2)T 


^effA 


keffA 


(1.5 + 3 + 4.5 + 6 + 7.5 + 9 + 10.5 + 11.25/ 2 WXO.Olm) 
(81.5 W/m.°C)(0. 000285 m 2 ) 


= 20.5°C 


and 


T — T 

M center ± heat sink 


+ A T. 


center-heat sink 


= 35°C + 20.5°C = 55.5°C 


Discussion This problem can also be solved approximately by using the “average” heat transfer rate for the 
entire halfboard, and treating it as a constant. The heat transfer rate in each half changes from 0 at the 
center to 22.5/2 = 1 1.25 W at the heat sink, with an average of 1 1.25/2 = 5.625 W. Then the center 
temperature becomes 


Qavg ~ k e ffA 


T -T, 


L 


aT ~ T . 

~ center — heat sink ' 


Qave-L 

^effA 


= 35°C 


(5.625 W)(0.075 m) 


(81.5 W/m.°C)(0. 000285 m 2 ) 


= 53.2°C 
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15-141 A circuit board consisting of a single layer of glass-epoxy is considered. The magnitude and 
location of the maximum temperature that occurs in the PCB are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct 
heat dissipation from the surface of the PCB, and thus all the heat generated is conducted by the PCB to the 
heat sink. 


Heat 

sink 


11.25 W 10.5 W 9 W 7.5 W 6W 4.5 W 3W 1.5 W 


%WWWW — \/WVVWWWVVWWWWW^WWVW 

0.5 cm 



Glass-epoxy 


Analysis In this case the board consists of a 1.5-mm thick layer 
of epoxy. Again the maximum temperature will occur in the 
middle of the board which is farthest away from the heat sink. 
We consider half of the board because of symmetry, and divide 
the region in 1-cm thick strips, starting at the mid-plane. Then 
from Fourier’s law, the temperature difference across a strip 
can be determined from 



A 

1.5 mm 


15 cm 


15 cm 


Q ~ k e j-fA 


AT 

L 


AT = 


QL_ 

k e jfA 


where L= 1 cm = 0.01 m (except it is 0.5 cm for the strip attached to the heat sink), and the heat transfer 
area for all the strips is 

A = (0. 15 m)(0.0015m) = 0.000225 m 2 


Then the temperature at the center of the board is determined by adding the temperature differences across 
all the strips as 

= y QL _ (Q\ + 62 + 63 + Q4 + Qs + 06 + Q7 + & / 2)L 

^ Kff A Kff A 

_ (1.5 + 3 + 4.5 + 6 + 7.5 + 9 + 10.5 + 11.25/2 W)(0.01m) _ 

(0.26 W/m.°C)(0. 000225 m 2 ) 


and 


T — T 

center heat sink 


+ AT 


center -heat sink 


= 35°C + 8141°C = 8176°C 


Discussion This problem can also be solved approximately by using the “average” heat transfer rate for the 
entire halfboard, and treating it as a constant. The heat transfer rate in each half changes from 0 at the 
center to 22.5/2 = 1 1.25 W at the heat sink, with an average of 1 1.25/2 = 5.625 W. Then the center 
temperature becomes 


Qavg ~ keff^ 


T -77 


L 


v t ~ T 

center — heat sink 


Q avg L 


^effA 


= 35°C + 


(5.625 W)(0.075 m) 

(0.26 W/m.°C)(0. 000225 m 2 ) 


= 7247°C 
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15-142 The components of an electronic system located in a horizontal duct of rectangular cross-section 
are cooled by forced air flowing through the duct. The heat transfer from the outer surfaces of the duct by 
natural convection, the average temperature of the duct and the highest component surface temperature in 
the duct are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is 
an ideal gas. 3 The local atmospheric pressure is 1 atm. 
Properties We use the properties of air at 
(30+45)/2 = 37.5°C are (Table A- 15) 

p = 1.136 kg/m 3 
c p = 1007 J/kg.°C 
Pr = 0.726 
k = 0.0264 W/m.°C 

v = 1.68xl0 -5 m 2 / s 

Analysis (a) The volume and the mass 
flow rates of air are 


Air 



30°C 

50 


0 = A C V = (0. 1 m)(0. 1 m)(50/60 m/s) = 0.008333 m 3 /s 
m = p0 = (1.136 kg/m 3 )(0. 008333 m 3 /s) = 0.009466 kg/s 


The rate of heat transfer to the air flowing through the duct is 

Q forced conv = ™ p ( T in ~ Tout ) = (0.009466 kg/s)(1007 J/kg.°C)(45 - 30)°C = 143.0 W 


Then the rate of heat loss from the outer surfaces of the duct to the ambient air by natural convection 
becomes 


Qconv ~ Q total ~ Q forced conv - 1 50 W - 1 43 W - 57 W 


( b ) The average surface temperature can be determined 

Qconv — 0's, duct ^ ambient ) 




air 


But we first need to determine convection heat transfer coefficient. Using the Nusselt number relation from 
Table 15-2, 

A s =(4)(0.1m)(lm) = 0.4m 2 


Rc _ VD h _ (50/60m/s)(0.1m) _ 


V 


1.68xl0 -5 m 2 /s 


Nu = 0.102 Re 0 ' 675 Pr 1/3 = (0.102)(4960) 0675 (0.726) 1/3 =28.6 


h = 


D, 


Nu = 


0.0264 W/m.°C 
0.1 m 


(28.6) = 7.56 W/m 2 .°C 


Then the average surface temperature of the duct becomes 

. Q 


Qconv ^A (T T ambient ) 


v T -T 

' s ambient 


■ conv 


hA. 


= 30°C 


57 W 


(7.56 W/m 2 .°C)(0.4m z ) 


= 48.9°C 


(c) The highest component surface temperature will occur at the exit of the duct. From Newton's law 
relation at the exit, 


O I A 

a =h(T - T f >T = T . + ^ conv ^ = dS°C 

1 conv \ s , max air, exit / s , max air, exit 1 

h 


57 W 


(7.56 W/m 2 .°C)(0.4m z ) 


= 63.8°C 
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15-143 Two power transistors are cooled by mounting them on the two sides of an aluminum bracket that 
is attached to a liquid-cooled plate. The temperature of the transistor case and the fraction of heat 
dissipation to the ambient air by natural convection and to the cold plate by conduction are to be 
determined. 

Assumptions 1 Steady operating conditions exist 2 Conduction heat transfer is one-dimensional. 3 We 
assume the ambient temperature is 25 °C. 

Analysis The rate of heat transfer by conduction is 
Qconduction = (0.80)(12 W) = 9.6 W 


Assuming heat conduction in the plate to be one-dimensional for simplicity, the thermal resistance of the 
aluminum plate and epoxy adhesive are 


R 


all / min um 


R 


epoxy 


L 

kA 

L_ 

kA 


0.02 m 

(237 W/m.°C)(0.003 m)(0.03 m) 
0.0002 m 

(1.8 W/m.°C)(0.003 m)(0.03 m) 


- 0.938°C/W 
1.235°C/W 


The total thermal resistance of the plate and the epoxy is 


Rplate+epoxy ~ R epoxy + Opiate - 1-235 + 0.938 - 2. 173°C/W 


Heat generated by the transistors is conducted to the plate, and then it is dissipated to the cold plate by 
conduction, and to the ambient air by convection. Denoting the plate temperature where the transistors are 
connected as r s max and using the heat transfer coefficient relation from Table 15-1 for a vertical plate, the 
total heat transfer from the plate can be expressed as 


Qtotal Qcond 


conv 


R 


Opiate 
plate+ epoxy 


i LA (T _ T \ 

,irL side \ L s,ave 1 air ) 


T —T ( (T —T^ 

_ -*.s,max J cold plate ^s^ve J air ) 

D ’ T 

plate + epoxy \ 


0.25 


A (T 

side \ s , max 


wheie T s ,a\e (^s, max ^cold plate )/2, L 0.03 m, 
and^4 s ide = 2(0.03 m)(0.03 m) = 0.00018 m 2 . 
Substituting the known quantities gives 


T s max - 40 

20 W = ’ 


2.173°C/W 


1.42(0.00018) 


[(^max+ 4 0)/2-25] 


1.25 


(0.03) 


0.25 


Solving for T s max gives 
Ts,max = 83.3°C 

Then the rate of heat transfer by natural convection becomes 


O =1-42(0.00018) 


[(83.3 + 40)7 2-25] 


1.25 


(0.03) 


0.25 


= 0.055 W 


Liquid cooled 
plate 



which is 0.055/20 = 0.00275 or 0.3% of the total heat dissipated. The remaining 99.7% of the heat is 
transferred by conduction. Therefore, heat transfer by natural convection is negligible. Then the surface 
temperature of the transistor case becomes 

^case = n.max + Aplastic washer = 83 ,3°C + (10 W)(2°C/W) = 103.3°C 
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15-74 


15-144E A plastic DIP with 24 leads is cooled by forced air. Using data supplied by the manufacturer, the 
junction temperature is to be determined for two cases. 


Assumptions Steady operating conditions exist. 

Analysis The junction-to-ambient thermal resistance of the device 
with 24 leads corresponding to an air velocity of 500 x 0.3048 = 
152.4 m/min is determined from Fig. 15-23 to be 

R June, ion-ambient = 50 °C/W = (50 X 1.8) + 32 = 122 °F/W 


Then the junction temperature becomes 



T —T 

J junction 1 ambient 

D 

-*'■ junction-ambient 


->T 

junction 


— T 

ambient 


+ QR 


junction - am bi en t 


Air 
70°F 

500 ft/min \ 

V 


\ 


\ 


\ 


1.5 W 


= 70°F + ( 1 . 5 W)( 1 22 °F/W) = 253°F 


When the fan fails the total thermal resistance is determined from Fig. 15-23 by reading the value at the 
intersection of the curve at the vertical axis to be 


R 


junction-ambient 


66 °C/W = (66 x 1 .8) + 32 = 1 50.8 °F/W 


which yields 



r _ r 

junction ambient 

n 

^ junction- ambient 


T junction ^ ambient junction- ambient 


= 70°F + (1.5 W)(l 50.8 °F/W) = 296°F 
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15-75 


15-145 A circuit board is to be conduction-cooled by aluminum core plate sandwiched between two epoxy 
laminates. The maximum temperature rise between the center and the sides of the PCB is to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct 
heat dissipation from the surface of the PCB., and thus all the heat generated is conducted by the PCB to 
the heat sink. 



Analysis Using the half thickness of the aluminum frame because of symmetry, the thermal resistances 
against heat flow in the vertical direction for a 1-cm wide strip are 

L 0.0006 m 


R 


aluminum, _L 


R 


epoxy 


R 


kA (237 W/m.°C)(0.0 1 m)(0. 1 5 m) 
L 0.0005 m 

kA ~ (0.26 W/m.°C)(0.0 1 m)(0. 1 5 m) 
L 0.0001m 


= 0.00169 °C/W 
= 1.28205 °C/W 


adhesive 


kA (1.8 W/m.°C)(0.01 m)(0.15 m) 


= 0.03703 °C/W 


^vertical = ^aluminum,! +*epoxy + Adhesive = 0.00169 + 1.28205 + 0.03704 = 1 .321 °CAV 


We assume heat conduction along the epoxy and adhesive in the horizontal direction to be negligible, and 
heat to be conduction to the heat sink along the aluminum frame. The thermal resistance of the aluminum 
frame against heat conduction in the horizontal direction for a 1 -cm long strip is 


d _ r> 

^ frame — ^aluminum,! 


L 

kA 


0.01m 


(237 W/m.°C)(0.00 1 2 m)(0. 1 8 m) 


= 0.1953 °C/W 


The temperature difference across a strip is determined from 

~ (?^aluminum,|| 

The maximum temperature rise across the 9 cm distance between the center and the sides of the board is 
determined by adding the temperature differences across all the strips as 

^ ^horizontal — I aluminum, 1 1 “ (6l + Ql + Ql + 84 + 05 + 06 + Ql + Q% 2 )^aluminum,|| 

= (1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 + 9 W)(0.1953°C/W) = 8.8°C 

The temperature difference between the center of the aluminum core and the outer surface of the PCB is 
determined similarly to be 

^ ^vertical — z QR vertical,! = (1 W)(1.321 °C/W) = 1.3°C 

Then the maximum temperature rise across the 9-cm distance between the center and the sides of the PCB 
becomes 

AT max = ^horizontal + ^vertical = 8.8 + 1.3 = 10.1°C 
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15-76 


15-146 Ten power transistors attached to an aluminum plate are cooled from two sides of the plate by 
liquid. The temperature rise between the transistors and the heat sink is to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 


Analysis We consider only half of the plate 
because of symmetry. It is stated that 70% of 
the heat generated is conducted through the 
aluminum plate, and this heat will be 
conducted across the 1-cm wide section 
between the transistors and the cooled edge 
of the plate. (Note that the mid section of the 
plate will essentially be isothermal and thus 
there will be no significant heat transfer 
towards the midsection). The rate of heat 
conduction to each side is of the plate is 

Aond, 1-side = 0-70 X (10 W) = 7 W 

Then the temperature rise across the 1-cm 
wide section of the plate can be determined 
from 


Scond.l-side 


(AT) 


plate 


L 



Solving for (AT) plate and substituting gives 


{AT) gcondl-suie^ . (7 W)(0.01 m) 

Plate kA (237 W/m.°C)(0.07 x 0.002 m 2 ) 
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15-77 


15-147 The components of an electronic system located in a horizontal duct are cooled by air flowing over 
the duct. The total power rating of the electronic devices that can be mounted in the duct is to be 
determined for two cases. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties of air are constant. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at the film temperature of (30+60)/2 = 45°C are (Table A- 15) 

Pr = 0.724 
k = 0.0270 W/m.°C 

v = 1.75xl(T 5 m 2 /s 
Analysis The surface area of the duct is 

A s - 2{[(1 .2 m)(0. 1 m)] + [(1 .2 m)(0.2 m )]} = 0.72 m 2 

The duct is oriented such that air strikes the 1 0 cm high 
side normally. Using the Nusselt number relation from 
Table 15-2 for a 10-cm by 10-cm cross-section square 
as an approximation, the heat transfer coefficient is 
determined to be 





Re ^= (250/60m/ S )(0.1in) =23;8io 


V 


1.75xl(T 5 m 2 /s 


Nu = 0.102 Re 0 ' 675 Pr 1/3 = (0.102)(23,810) a675 ( 0.724) 1/3 = 82.4 

, k Ar 0.0270 W/m.°C „„„„„ 2o 

h = Nu = 


D 


h 


0.1 m 


(82.4) = 22.3 W/m .°C 


Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is 
determined from 


Q = hA s (T s - T md ) = (22.3 W/m 2 ,°C)(0.72 m z )(60 - 30)°C = 481 W 


fluid 


We now consider the duct oriented such that air strikes the 20 cm high side normally. Using the Nusselt 
number relation from Table 15-2 for a 20-cm by 20-cm cross-section square as an approximation, the heat 
transfer coefficient is determined to be 


Rc _rP_ (250/60 m/ S )(0.2m) _ 1 , 61 9 
v 1.75xl0~ 5 m 2 /s 

Nu = 0.102 Re 0675 Pr 1/3 = (0.102)(47,619)°' 675 (0.724) 1/3 =131.6 


0 0270 W,m ° C (131.6) = 17.8 W/m 2 ,°C 


D 


h 


0.2 m 


Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is 
determined from 

Q = hA s (T s - T flldd ) = (17.8 W/m 2 ,°C)(0.72 m 2 )(60 - 30)°C = 384 W 
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15-78 


15-148 The components of an electronic system located in a horizontal duct are cooled by air flowing over 
the duct. The total power rating of the electronic devices that can be mounted in the duct is to be 
determined for two cases. 


Assumptions 1 Steady operating conditions exist 2 Thermal properties of air are constant. 3 The local 
atmospheric pressure is 1 atm. 

Properties The properties of air at the film temperature of (30+60)/2 = 45°C and 54.05 kPa are (Table A- 
15) 

Pr = 0.724 


k = 0.0270 W/m.°C 

_ 1.75xl0~ 5 m 2 /s 
54.05/101.325 


3.28xl0~ 5 m 2 /s 


Analysis The surface area of the duct is 

A s = 2 {[(1.2 m)(0. 1 m)] + [(1.2 m)(0.2 m)]} = 0.72 m 2 

The duct is oriented such that air strikes the 1 0 cm high 
side normally. Using the Nusselt number relation from 
Table 15-2 for a 10-cm by 10-cm cross-section square 
as an approximation, the heat transfer coefficient is 
determined to be 


-> 



„ VD (250 / 60 m/s)(0. 1 m) 

Re = = — - = 12,703 

v 3.28xl0 -5 m/s 


Nu = 0.102 Re 0 ' 675 Pr 1/3 = (0.102)(12, 703)' 0675 (0.724) 1/3 =53.9 

k 0.0270 W/m.°C 2 

h = Nu = (53.9) = 14.6 W/m . C 


D 


h 


0.1m 


Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is 
determined from 


Q = hA s (T s - T fluid ) = (14.6 W/m 2 ,°C)(0.72 m 2 )(60 - 30)°C = 31 5 W 


We now consider the duct oriented such that air strikes the 20 cm high side normally. Using the Nusselt 
number relation from Table 15-2 for a 20-cm by 20-cm cross-section square as an approximation, the heat 
transfer coefficient is determined to be 


„ VD (250 / 60 m/s)(0.2 m) 

Re = = A- = 25,407 


v 


3.28xl0~ 5 m 2 /s 


Nu = 0.102 Re 0 ' 675 Pr 1/3 = (0.102)(25,407) a675 (0.724) 1/3 = 86.1 


, k Ar 0.0270 W/m.°C ^ „ 11£ w/ 2 Q , 
h = Nu =— fQ£ 1\- 11 £ \\T/~ * O, 


D 


0.2 m 


(86.1) = 1 1.6 W/m .°C 


Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is 
determined from 


Q = hA s ( T s - T md ) = (1 1 .6 W/m 2 ,°C)(0.72 m z )(60 - 30)°C = 251 W 


fluid 
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15-149E A computer is cooled by a fan blowing air into the computer enclosure. The fraction of heat lost 
from the outer surfaces of the computer case is to be determined. 

Assumptions 1 Steady operating conditions exist 2 Thermal properties of air are constant. 3 The local 
atmospheric pressure is 1 atm. 

Analysis Using the proper relation from Table 15-1, the heat 



Q 


conv,side 


= h 


Aside (T? -T fIuid ) = (3.32 Btu/h.ft 2 .°F)(3.67 fi z )(95 -80)°F = 182.9 Btu/h 


conv, side ^ side 


fluid 


Similarly, the rate of heat transfer from the horizontal top surface by natural convection is determined to be 

4 


L = 


4 A 


top 


"20 

\ 

f 24 A 


ft 

— ft 

v ^2 

y 

U 2 ) 


p 


- = 1.82 ft 


20 

12 


ft 


+ 


24 

12 


ft 


A^p 


h conv, top 1-32 


1 20 A 

( 24 A 

h-h 

-+H 

U2 J 

U2 ; 


= 3.33 ft 


/, T \ 0 ' 25 


AT 

L 


= 1.32 


^95 - 80 ^ °‘ 25 


1.82 


= 2.24 Btu/h. ft 2 .°F 


Q 


= Ko„ VJOP A top (T s - T md ) = (2.24 Btu/h.ft 2 .°F)(3.33 ft z )(95 - 80)°F = 111.7 Btu/h 


conv, top 


conv, top top 


fluid 


The rate of heat transfer from the outer surfaces of the computer case by radiation is 

Qrad =Z A .M T s 4 ~ T surf) 

= (0.85)(3. 67 ft 2 +3.33 ft 2 )(0. 1714 Btu/h.ft\R 4 )[(95 + 460 R) 4 - (80 + 273 R) 4 ] 
= 100.4 Btu/h 

Then the total rate of heat transfer from the outer surfaces of the computer case becomes 
Q total = Q conv, side + Qconv,top + Qrad = 1 82 -9 + 1 1 1 - 7 + 100.4 = 395 Btll/ll 

Therefore, the fraction of the heat loss from the outer surfaces of the computer case is 
(395/3.41214) W 


/ = 


165 W 


= 0.70 = 70% 


15-150 .. . 15-152 Design and Essay Problems 
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Chapter 16 

HEATING AND COOLING OF BUILDINGS 


16-1 


A Brief History 

16- 1C Ice can be made by evacuating the air in a water tank. During evacuation, vapor is also thrown out, 
and thus the vapor pressure in the tank drops, causing a difference between the vapor pressures at the water 
surface and in the tank. This pressure difference is the driving force of vaporization, and forces the liquid 
to evaporate. But the liquid must absorb the heat of vaporization before it can vaporize, and it absorbs it 
from the liquid and the air in the neighborhood, causing the temperature in the tank to drop. The process 
continues until water starts freezing. The process can be made more efficient by insulating the tank well so 
that the entire heat of vaporization comes essentially from the water. 


16-2C The first ammonia absorption refrigeration system was developed in 1851 by Ferdinand Carre. The 
formulas related to dry-bulb, wet-bulb, and dew-point temperatures were developed by Willis Carrier in 
1911. 

16-3C The concept of heat pump was conceived by Sadi Camot in 1824. The first heat pump was built by 
T. G. N. Haldane in 1930, and the heat pumps were mass produced in 1952. 

Human Body and Thermal Comfort 

16-4C The metabolism refers to the burning of foods such as carbohydrates, fat, and protein in order to 
perform the necessary bodily functions. The metabolic rate for an average man ranges from 108 W while 
reading, writing, typing, or listening to a lecture in a classroom in a seated position to 1250 W at age 20 
(730 at age 70) during strenuous exercise. The corresponding rates for women are about 30 percent lower. 
Maximum metabolic rates of trained athletes can exceed 2000 W. We are interested in metabolic rate of the 
occupants of a building when we deal with heating and air conditioning because the metabolic rate 
represents the rate at which a body generates heat and dissipates it to the room. This body heat contributes 
to the heating in winter, but it adds to the cooling load of the building in summer. 


16-5C The metabolic rate is proportional to the size of the body, and the metabolic rate of women, in 
general, is lower than that of men because of their smaller size. Clothing serves as insulation, and the 
thicker the clothing, the lower the environmental temperature that feels comfortable. 


16-6C Asymmetric thermal radiation is caused by the cold surfaces of large windows, uninsulated walls, or 
cold products on one side, and the warm surfaces of gas or electric radiant heating panels on the walls or 
ceiling, solar heated masonry walls or ceilings on the other. Asymmetric radiation causes discomfort by 
exposing different sides of the body to surfaces at different temperatures and thus to different rates of heat 
loss or gain by radiation. A person whose left side is exposed to a cold window, for example, will feel like 
heat is being drained from that side of his or her body. 
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16-2 


16-7C (a) Draft causes undesired local cooling of the human body by exposing parts of the body to high 
heat transfer coefficients. ( b ) Direct contact with cold floor surfaces causes localized discomfort in the feet 
by excessive heat loss by conduction, dropping the temperature of the bottom of the feet to uncomfortable 
levels. 


16-8C Stratification is the formation of vertical still air layers in a room at difference temperatures, with 
highest temperatures occurring near the ceiling. It is likely to occur at places with high ceilings. It causes 
discomfort by exposing the head and the feet to different temperatures. This effect can be prevented or 
minimized by using destratification fans (ceiling fans running in reverse). 


16-9C It is necessary to ventilate buildings to provide adequate fresh air and to get rid of excess carbon 
dioxide, contaminants, odors, and humidity. Ventilation increases the energy consumption for heating in 
winter by replacing the warm indoors air by the colder outdoors air. Ventilation also increases the energy 
consumption for cooling in summer by replacing the cold indoors air by the warm outdoors air. It is not a 
good idea to keep the bathroom fans on all the time since they will waste energy by expelling conditioned 
air (warm in winter and cool in summer) by the unconditioned outdoor air. 

Heat Transfer from the Human Body 

16-10C Yes, roughly one-third of the metabolic heat generated by a person who is resting or doing light 
work is dissipated to the environment by convection, one-third by evaporation, and the remaining one-third 
by radiation. 


16-1 1C Sensible heat is the energy associated with a temperature change. The sensible heat loss from a 
human body increases as ( a ) the skin temperature increases, ( b ) the environment temperature decreases, 
and (c) the air motion (and thus the convection heat transfer coefficient) increases. 


16-12C Latent heat is the energy released as water vapor condenses on cold surfaces, or the energy 
absorbed from a warm surface as liquid water evaporates. The latent heat loss from a human body increases 
as ( a ) the skin wettedness increases and ( b ) the relative humidity of the environment decreases. The rate of 
evaporation from the body is related to the rate of latent heat loss by 2 latent = ^ vapor /2 fg where h fg is the 

latent heat of vaporization of water at the skin temperature. 


16-13C The insulating effect of clothing is expressed in the unit clo with 1 clo = 0.155 m 2 .°C/W = 0.880 
ft .°F.h/Btu. Clothing serves as insulation, and thus reduces heat loss from the body by convection, 
radiation, and evaporation by serving as a resistance against heat flow and vapor flow. Clothing decreases 
heat gain from the sun by serving as a radiation shield. 

16-14C ( a ) Heat is lost through the skin by convection, radiation, and evaporation. ( b ) The body loses both 
sensible heat by convection and latent heat by evaporation from the lungs, but there is no heat transfer in 
the lungs by radiation. 
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16-3 


16-15C The operative temperature T operat j ve is the average of the mean radiant and ambient temperatures 
weighed by their respective convection and radiation heat transfer coefficients, and is expressed as 


T 

operative 


h T +h 

*conv ambient *rad 


h^ r + h 


k conv 


rad 


T 

surr 


T + T 

ambient surr 


2 


When the convection and radiation heat transfer coefficients are equal to each other, the operative 
temperature becomes the arithmetic average of the ambient and surrounding surface temperatures. Another 
environmental index used in thermal comfort analysis is the effective temperature, which combines the 
effects of temperature and humidity. 


16-16 The convection heat transfer coefficient for a clothed person while walking in still air at a velocity 

a ro a 

of 0.5 to 2 m/s is given by h = 8.6 V where V is in m/s and h is in W/m .°C. The convection coefficients 
in that range vary from 5.96 W/m 2 .°C at 0.5 m/s to 12.42 W/m 2 .°C at 2 m/s. Therefore, at low velocities, 
the radiation and convection heat transfer coefficients are comparable in magnitude. But at high velocities, 
the convection coefficient is much larger than the radiation heat transfer coefficient. 



Velocity, 

m/s 

h = 8.6 V 053 
W/m 2 .°C 

0.50 

5.96 

0.75 

7.38 

1.00 

8.60 

1.25 

9.68 

1.50 

10.66 

1.75 

11.57 

2.00 

12.42 
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16-4 


16-17 A man wearing summer clothes feels comfortable in a room at 20°C. The room temperature at 
which this man would feel thermally comfortable when unclothed is to be determined. 


Assumptions 1 Steady conditions exist. 2 The latent heat loss from the person remains the same. 3 The heat 
transfer coefficients remain the same. 4 The air in the room is still (there are no winds or running fans). 5 
The surface areas of the clothed and unclothed person are the same. 


Analysis At low air velocities, the convection heat transfer coefficient 
for a standing man is given in Table 13-3 to be 4.0 W/m .°C. The 
radiation heat transfer coefficient at typical indoor conditions is 4.7 
W/nT.°C. Therefore, the heat transfer coefficient for a standing person 
for combined convection and radiation is 

^combined ^conv+^rad = 4.0 + 4.7 = 8.7 W/m 2 ,°C 

The thermal resistance of the clothing is given to be 

R c i oth = 1 . 1 clo = 1 . 1x0.155 m 2 ,°C/W = 0. 1 7 1 m 2 .°C/W 

Noting that the surface area of an average man is 1.8 m, the sensible 
heat loss from this person when clothed is determined to be 



^sensible, clothed 


^ s (^skin ^ambient ) 


(1.8 m 2 )(33 -20)°C 


^cloth + 


1 


h 


0.171 m 2 .°C/W 


1 


= 82 W 


combined 


8.7 W/m 2 . °C 


From heat transfer point of view, taking the clothes off is equivalent to removing the clothing insulation or 
setting 7? cloth = 0- The heat transfer in this case can be expressed as 


£?sensible,unclothed 


(Tskin T ambient ) (1.8 m )(3 3 T ambient )°C 


h 


1 


combined 


1 

8.7 W/m 2 .°C 


To maintain thermal comfort after taking the clothes off, the skin temperature of the person and the rate of 
heat transfer from him must remain the same. Then setting the equation above equal to 82 W gives 

^ambient = 27.8°C 


Therefore, the air temperature needs to be raised from 22 to 27.8°C to ensure that the person will feel 
comfortable in the room after he takes his clothes off. Note that the effect of clothing on latent heat is 
assumed to be negligible in the solution above. We also assumed the surface area of the clothed and 
unclothed person to be the same for simplicity, and these two effects should counteract each other. 
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16-5 


16-18E An average person produces 0.50 lbm of moisture while 
taking a shower. The contribution of showers of a family of four to 
the latent heat load of the air-conditioner per day is to be determined. 

Assumptions All the water vapor from the shower is condensed by 
the air-conditioning system. 

Properties The latent heat of vaporization of water is given to be 1050 
Btu/lbm. 

Analysis The amount of moisture produced per day is 

m vapor = (Moisture produced per person)(No. of persons) 

= (0.5 lbm/person)(4 persons/day) = 2 lbm/day 
Then the latent heat load due to showers becomes 

'Q latent = ^ vapor ^ fg = (2 lbm/day)(1050 Btu/lbm) = 2100 Btu/day 


Moisture 



16-19 There are 100 chickens in a breeding room. The rate of total heat generation and the rate of moisture 
production in the room are to be determined. 

Assumptions All the moisture from the chickens is 
condensed by the air-conditioning system. 

Properties The latent heat of vaporization of water is given 
to be 2430 kJ/kg. The average metabolic rate of chicken 
during normal activity is 10.2 W (3.78 W sensible and 6.42 
W latent). 

Analysis The total rate of heat generation of the chickens 
in the breeding room is 

Sgen, total = 4 gen, total ( N °- ° f chickens) 

= (10.2 W/chicken)(100 chickens) = 1020 W 
The latent heat generated by the chicken and the rate of moisture production are 

£?gen, latent — *7 gen, latent (No. of chickens) 

= (6.42 W/chicken)(100 chickens) = 642 W 
= 0.642 kW 

Q gen, latent 0.642 kJ/s „ „ „ , . . . „ _ , . . 

^moisture = : = 0/llA1 ... = 0.000264 kg/s = 0.264 g/s 

h f 2430 kJ/kg 
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16-20 Chilled air is to cool a room by removing the heat generated in a large insulated classroom by lights 
and students. The required flow rate of air that needs to be supplied to the room is to be determined. 

Assumptions 1 The moisture produced by the bodies leave the room as vapor without any condensing, and 
thus the classroom has no latent heat load. 2 Heat gain through the walls and the roof is negligible. 


Properties The specific heat of air at room temperature is 1.00 kJ/kg-°C (Table A- 15). The average rate of 
metabolic heat generation by a person sitting or doing light work is 1 15 W (70 W sensible, and 45 W 
latent). 


Analysis The rate of sensible heat generation by the 
people in the room and the total rate of sensible internal 
heat generation are 

Qgtn, sensible — *7 gen, sensible (No. of people) 

= (70 W/person)(90 persons) = 6300 W 

0 total, sensible — ^gen, sensible ^lighting 

= 6300 + 2000 = 8300 W 


Then the required mass flow rate of chilled air becomes 


m 


air 


total, sensible 

c p &T 

8.3 kJ/s 

(1.0 kJ/kg • °C)(25 - 1 5)°C 


0.83 kg/s 


Return 

air 



i i 


/H 90 Students 



Discussion The latent heat will be removed by the air-conditioning system as the moisture condenses 
outside the cooling coils. 


16-21 A smoking lounge that can accommodate 15 smokers is considered. The required minimum flow rate 
of air that needs to be supplied to the lounge is to be determined. 


Assumptions Infiltration of air into the smoking lounge 
is negligible. 

Properties The minimum fresh air requirements for a 
smoking lounge is 30 L/s per person (Table 16-2). 

Analysis The required minimum flow rate of air that 
needs to be supplied to the lounge is determined directly 
from 

y,r = CrperpersoJNO-Of persons) 

= (30 L/s • person)( 1 5 persons) 

= 450 L/s = 0.45 m 3 /s 




SMOKING 

LOUNGE 

15 smokers 
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16-22 The average mean radiation temperature during a cold day drops to 18°C. The required rise in the 
indoor air temperature to maintain the same level of comfort in the same clothing is to be determined. 


Assumptions 1 Air motion in the room is negligible. 2 The average clothing and exposed skin temperature 
remains the same. 3 The latent heat loss from the body remains constant. 4 Heat transfer through the lungs 
remain constant. 


Properties The emissivity of the person is 0.95 (Table A- 15). 
The convection heat transfer coefficient from the body in still 
air or air moving with a velocity under 0.2 m/s is h conv = 3.1 
W/m 2 -°C (Table 16-3). 

Analysis The total rate of heat transfer from the body is the 
sum of the rates of heat loss by convection, radiation, and 
evaporation, 


^body, total ^sensible ^latent ^ lungs 

— ( Q conv Q rad ) Q latent Q lungs 



Noting that heat transfer from the skin by evaporation and from the lungs remains constant, the sum of the 
convection and radiation heat transfer from the person must remain constant. 

Gscnsibic.oid = hA(T s - 7^) + sAcj(T* -T^ oXA ) = hA(T s -22) + 0.95 Aa[(T s +273) 4 ~(22 + 273) 4 ] 

2scnsibic,ncw = hA(T s -T^ aew ) + aAa(T s 4 -T^ rinew ) = hA(T s -T„) + 0.95 Aa[(T s + 273) 4 -(18 + 273) 4 ] 

Setting the two relations above equal to each other, canceling the surface area^, and simplifying gives 

- 22/? - 0.95cr(22 + 273) 4 = -/?7’ air ncw - 0.95cr(18 + 273) 4 

3- 1 ( 7 ’ai r ,new - 22) + 0.95 x 5.67 X 10~ 8 (291 4 - 295 4 ) = 0 

Solving for the new air temperature gives 
t . =79 o°r 

J air, new A7,u 

Therefore, the air temperature must be raised to 29°C to counteract the increase in heat transfer by 
radiation. 
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16-23 A car mechanic is working in a shop heated by radiant heaters in winter. The lowest ambient 
temperature the worker can work in comfortably is to be determined. 

Assumptions 1 The air motion in the room is negligible, and the mechanic is standing. 2 The average 
clothing and exposed skin temperature of the mechanic is 33°C. 

Properties The emissivity and absorptivity of the person is given to be 0.95. The convection heat transfer 
coefficient from a standing body in still air or air moving with a velocity under 0.2 m/s is h cony = 4.0 
W/m 2 -°C (Table 13-3). 


Analysis The equivalent thermal resistance of clothing is 

•Kcioth = °-7 clo = 0.7 X 0. 155 m 2 ,°C/W = 0. 1085 m 2 ,°CA V 

Radiation from the heaters incident on the person and the rate 
of sensible heat generation by the person are 

Q rad, incident = 0-05 X ^ = 0.05(4 kW) = 0.2 kW = 200 W 

Cgen. sensible =O.5x0 genjtotal =0.5(350 W) =175 W 


Under steady conditions, and energy balance on the body can 
be expressed as 


p. - F + F 

^ ill ^ out ' ^gen 


£?rad from heater Qcon \+ rad from body £?gen, sensible 


= 0 
= 0 



or 


^•^rad, incident ^con v^s(^s ^surr) ^surr ) + £?gen, sensible ^ 

0.95(200 W) - (4.0 W/m 2 • K)(1.8 m 2 )(306 - T sun ) 

- 0.95(1 .8 m 2 )(5.67 x 10' 8 W/m 2 • K 4 )[(306 K) 4 - + 1 75 W = 0 

Solving the equation above gives 
J surr = 284.8 K = 11.8°C 

Therefore, the mechanic can work comfortably at temperatures as low as 12°C. 
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Design conditions for Heating and Cooling 

16-24C The extreme outdoor temperature under which a heating or cooling system must be able to 
maintain a building at the indoor design conditions is called the outdoor design temperature. It differs from 
the average winter temperature in that the average temperature represents the arithmetic average of the 
hourly outdoors temperatures. The 97.5% winter design temperature ensures that the heating system will 
provide thermal comfort 97.5 percent of the time, but may fail to do so during 2.5 percent of the time. The 
99% winter design temperature, on the other hand, ensures that the heating system will provide thermal 
comfort 99 percent of the time, but may fail to do so during 1 percent of the time in an average year. 

16-25C Yes, it is possible for a city A to have a lower winter design temperature but a higher average 
winter temperature than another city B. In that case, a house in city A will require a larger heating system, 
but it will use less energy during a heating season. 

16-26C The solar radiation has no effect on the design heating load in winter since the coldest outdoor 
temperatures occur before sunrise, but it may reduce the annual energy consumption for heating 
considerably. Similarly, the heat generated by people, lights, and appliances has no effect on the design 
heating load in winter since the heating system should be able to meet the heating load of a house even 
when there is no internal heat generation, but it will reduce the annual energy consumption for heating. 

16-27C The solar radiation constitutes a major part of the cooling load, and thus it increases both the 
design cooling load in summer and the annual energy consumption for cooling. Similarly, the heat 
generated by people, lights, and appliances constitute a significant part of the cooling load, and thus it 
increases both the design cooling load in summer and the annual energy consumption for cooling. 

16-28C The moisture level of the outdoor air contributes to the latent heat load, and it affects the cooling 
load in summer. This is because the humidity ratio of the outdoor air is higher than that of the indoor air in 
summer, and the outdoor air that infiltrates into the building increases the amount of moisture inside. This 
excess moisture must be removed by the air-conditioning system. The moisture level of the outdoor air, in 
general, does affect the heating load in winter since the humidity ratio of the outdoor air is much lower 
than that of the indoor air in winter, and the moisture production in the building is sufficient to keep the air 
moist. However, in some cases, it may be necessary to add moisture to the indoor air. The heating load in 
this case will increase because of the energy needed to vaporize the water. 

16-29C The reason for different values of recommended design heat transfer coefficients for combined 
convection and radiation on the outer surface of a building in summer and in winter is the wind velocity. In 
winter, the wind velocity and thus the heat transfer coefficient is higher. 

16-30C The sol-air temperature is defined as the equivalent outdoor air temperature that gives the same 
rate of heat flow to a surface as would the combination of incident solar radiation, convection with the 
ambient air, and radiation exchange with the sky and the surrounding surfaces. It is used to account for the 
effect of solar radiation by considering the outside temperature to be higher by an amount equivalent to the 
effect of solar radiation. The higher the solar absorptivity of the outer surface of a wall, the higher is the 
amount of solar radiation absorption and thus the sol-air temperature. 

16-3 1C Most of the solar energy absorbed by the walls of a brick house will be transferred to the outdoors 
since the thermal resistance between the outer surface and the indoor air (the wall resistance + the 
convection resistance on the inner surface) is much larger than the thermal resistance between the outer 
surface and the outdoor air (just the convection resistance). 
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16-32 The climatic conditions for major cities in the U.S. are listed in Table 16-4, and for the indicated 
design levels we read 

Winter: r outdoor = -19°C (97.5 percent level) 

Summer: T outdoor = 35°C 

^"wet-buib = 23°C (2.5 percent level) 

Therefore, the heating and cooling systems in Lincoln, Nebraska for common applications should be sized 
for these outdoor conditions. Note that when the wet-bulb and ambient temperatures are available, the 
relative humidity and the humidity ratio of air can be determined from the psychrometric chart. 


16-33 The climatic conditions for major cities in the U.S. are listed in Table 16-4, and for the indicated 
design levels we read 

Winter: T outdoor = -16°C (99 percent level) 

Summer: T outdoor = 37°C 

^wet-buib = 23°C (2.5 percent level) 

Therefore, the heating and cooling systems in Wichita, Kansas for common applications should be sized 
for these outdoor conditions. Note that when the wet-bulb and ambient temperatures are available, the 
relative humidity and the humidity ratio of air can be determined from the psychrometric chart. 
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16-34 The south wall of a house is subjected to solar radiation at summer design conditions. The design 
heat gain, the fraction of heat gain due to solar heating, and the fraction of solar radiation that is transferred 
to the house are to be determined. 

Assumptions 1 Steady conditions exist. 2 Thermal properties 
of the wall and the heat transfer coefficients are constant. 

Properties The overall heat transfer coefficient of the wall is 
given to be 1.6 W/m 2 -°C. 

Analysis ( a ) The house is located at 40°N latitude, and thus we 
can use the sol-air temperature data directly from Table 16-7. 

At 15:00 the tabulated air temperature is 35°C, which is 
identical to the air temperature given in the problem. 

Therefore, the sol-air temperature on the south wall in this case 
is 43.6°C, and the heat gain through the wall is determined to 
be 

Gwaii = UA(T sol _ air -T mside ) = (1.6 W/m 2 •°C)(20m 2 )(43.6-22)°C = 691.2 W 

(b) Heat transfer is proportional to the temperature difference, and the overall temperature difference in this 
case is 43.6 - 22 = 21.6°C. Also, the difference between the sol-air temperature and the ambient air 
temperature is 

A^solar = ^sol-air ” ^ambient = ^3.6 - 35 = 8.6°C 

which is the equivalent temperature rise of the ambient air due to solar heating. The fraction of heat gain 
due to solar heating is equal to the fraction of the solar temperature difference to the overall temperature 
difference, and is determined to be 

Solar fraction = ^ wallsolar = UAAT ^ = 2^ = = 0 .40 (or 40%) 

Q wall, total fMATtotai A^total 21.6 C 

Therefore, almost half of the heat gain through the west wall in this case is due to solar heating of the wall. 

( c ) The outer layer of the wall is made of red brick which is dark colored. Therefore, the value of a s / h Q is 

0.052 m .°CAV. Then the fraction of incident solar energy transferred to the interior of the house is 
determined directly from Eq. 16-20 to be 

Solar fraction tranferred = U — = ( 1.6 W/m 2 • °C)(0.052 m 2 • °C/W) = 0.0832 

K 

Discussion Less than 1 0 percent of the solar energy incident on the surface will be transferred to the house 
in this case. Note that a glass wall would transmit about 10 times more energy into the house. 
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16-35E The west wall of a house is subjected to solar radiation at summer design conditions. The design 
heat gain and the fraction of heat gain due to solar heating are to be determined. 

Assumptions 1 Steady conditions exist. 2 Thermal properties of the wall and the heat transfer coefficients 
are constant. 

Properties The overall heat transfer coefficient of the 
wall is given to be 0. 14 Btu/hft 2o F. 

Analysis ( a ) The house is located at 40°N latitude, 
and thus we can use the sol-air temperature data 
directly from Table 16-7. At 15:00 the tabulated air 
temperature is 94°F, which is 8°F higher than the air 
temperature given in the problem. But we can still 
use the data in that table provided that we subtract 8 
°F from all temperatures. Therefore, the sol-air 
temperature on the west wall in this case is 159 - 8 = 

1 5 1 °F, and the heat gain through the wall is 
determined to be 

fiwan = ^sol-air - inside ) = (0. 1 ■ 4 Btu/h ■ ft 2 • °F)( 1 5 Ox 1 2 ft 2 )( 1 5 1 - 72)°F = 19,908 Btu/h 

(b) Heat transfer is proportional to the temperature difference, and the overall temperature difference in this 
case is 151 -72 = 79°F. Also, the difference between the sol-air temperature and the ambient air 
temperature is 

AT solm = Lol-air “ Ambient =151-86 = 65°F 

which is the equivalent temperature rise of the ambient air due to solar heating. The fraction of heat gain 
due to solar heating is equal to the ratio of the solar temperature difference to the overall temperature 
difference, and is determined to be 

Solar fraction = gwalU ° lar = UAAI ' SQlar = = 0.823 (or 82.3%) 

Q wall, total k^^^total A^total 79 F 

Therefore, almost the entire heat gain through the west wall in this case is due to solar heating of the wall. 


Gypsum board 

Concrete block 
/ Brick 

/ / \ 



Tambient= 86°F 


^wall 


17=0.14 Btu/h. ft 2 . °F 
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16-36 The roof of a house is subjected to solar radiation at summer design conditions. The design heat gain 
and the fraction of heat gain due to solar heating are to be determined. 

Assumptions 1 Steady conditions exist. 2 Thermal properties of the wall and the heat transfer coefficients 
are constant. 


Properties The overall heat transfer coefficient of the roof is given to be 


1.8 W/m 2 -°C. 


Analysis {a) The house is located at 40°N latitude, and 
thus we can use the sol-air temperature data directly 
from Table 16-7. At 16:00 the tabulated air temperature 
is 34.7°C, which is 4.7°C higher than the air 
temperature given in the problem. But we can still use 
the data in that table provided that we subtract 4.7°C 
from all temperatures. Therefore, the sol-air temperature 
on the roof in this case is 42.7 - 4.7 = 38.0°C, and the 
heat gain through the roof is determined to be 

Qroof ~ ^sol-air — ^"inside ) 

= (1.8 W/m 2 • °C)(150 m 2 )(38 - 22)°C = 4320 W 

(b) Heat transfer is proportional to the temperature 
difference, and the overall temperature difference in this 
case is 38 - 22 = 16°C. Also, the difference between the 
sol-air temperature and the ambient air temperature is 

A7’ solar = r sol . air - r ambient = 38 - 30 = 8°C 



which is the equivalent temperature rise of the ambient air due to solar heating. The fraction of heat gain 
due to solar heating is equal to the ratio of the solar temperature difference to the overall temperature 
difference, and is determined to be 

Solar fraction = ^ wall ’ solar = UAAT «> lar = = = 0 .50 (or 50%) 

Q wall, total f/TAr total A^totai 16 C 

Therefore, half of the heat gain through the roof in this case is due to solar heating of the roof. 
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Heat Gain from People, Lights, and Appliances 

16-37C The heat given off by people in a concert hall is an important consideration in the sizing of the 
air-conditioning system for that building because of the high density of people in the hall, and the heat 
generation from the people contributes a significant amount to the cooling load. 


16-38C By replacing the incandescent lamps of a building by high-efficiency fluorescent lamps, (a) the 
design cooling load will decrease, ( b ) annual energy consumption for cooling will also decrease, and (c) 
annual energy consumption for heating for the building will increase since fluorescent lamps generate 
much less heat than incandescent lamps for the same light output. 


16-39C It is usually a good idea to replace incandescent light bulbs by compact fluorescent bulbs that may 
cost 40 times as much to purchase since incandescent lights waste energy by (1) consuming more 
electricity for the same amount of lighting, and (2) making the cooling system work harder and longer to 
remove the heat given off. 


16-40C The motors and appliances in a building generate heat, and thus ( a ) they increase the design 
cooling load, ( b ) they increase the annual energy consumption for cooling, and (c) they reduce the annual 
energy consumption for heating of the building. 


16-4 1C The motor efficiency rj mo t or is defined as the ratio of the shaft power delivered to the electrical 
power consumed by the motor. The higher the motor efficiency, the lower is the amount of heat generated 
by the motor. Therefore, high efficiency motors decrease the design cooling load of a building and the 
annual energy consumption for cooling. 


16-42C The heat generated by a hooded range in a kitchen with a powerful fan that exhausts all the air 
heated and humidified by the range still needs to be considered in the determination of the cooling load of 
the kitchen although all the heated air is exhausted since part of the energy (32% of it) is radiated to the 
surroundings from the hot surfaces. 
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16-43 A hooded electric open burner and a gas burner are considered. The amount of the electrical energy 
used directly for cooking, the cost of energy per “utilized” kWh, and the contribution of this burner to the 
design cooling load are to be determined. 


Analysis The efficiency of the electric heater is given to be 78 percent. 

Therefore, a burner that consumes 3-kW of electrical energy will supply 

^utilized = (Energy input) x (Efficiency) = (3 kW)(0.73) = 2.19 kW 

of useful energy. The unit cost of utilized energy is inversely proportional to 
the efficiency, and is determined from 

t A Cost of energy input $0.09 /kWh 

Cost of utilized energy = = = $0.123/kWh 

Efficiency 0.73 

The design heat gain from a hooded appliance is taken to be 32% of the half of its 
rated energy consumption, and is determined to be 



Chooded appliance = °-5 xO.320 applianceinput = 0.5 x 0.32 x (3 kW) = 0.48 kW (electric burner) 


Noting that the efficiency of a gas burner is 38 percent, the energy input to a gas burner that supplies 
utilized energy at the same rate (2.19 kW) is 


e 


input, gas 


gutlllzed = 2,1 9 kW = 5.76 kW (= 19,660 Btu/h) 
Efficiency 0.38 


since 1 kW = 3412 Btu/h. Therefore, a gas burner should have a rating of at least 19,660 Btu/h to perform 
as well as the electric unit. 

Noting that 1 therm = 29.3 kWh, the unit cost of utilized energy in the case of gas burner is 
determined the same way to be 

^ r ... i Cost of energy input $1.10/(29.3 kWh) 

Cost of utilized energy = = = $0.099/kWh 

Efficiency 0.38 


which is about 20 percent less than the unit cost of utilized electricity. The design heat gain from this 
hooded gas burner is determined similarly to be 

Cnhooded appliance = °-5 xO.320 applianceinput = 0.5 x 0.32 x (5.76 kW) = 0.922 kW (gas burner) 

which is almost twice as much as that of the electric burner. Therefore, a hooded gas appliance will 
contribute more to the heat gain than a comparable electric appliance. 
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16-44 Several people are working out in an exercise room. The rate of heat gain from people and the 
equipment, and the fraction of that heat in the latent form are to be determined. 

Analysis The 8 weight lifting machines do not have any motors, and thus they do not contribute to the 
internal heat gain directly. The usage factors of the motors of the treadmills are taken to be unity since they 
are used constantly during peak periods. Noting that 1 hp = 746 W, the total heat generated by the motors 
is 

^motors = (No- of motors) X JV motor X / load X / usage / , Jmotor = 4 X (2.5 x 746 W) x 0.70 x 1 .0/0.77 = 6782 W 

The average rate of heat dissipated by people in an exercise room is 
given in Table 16-8 to be 525 W, of which 315 W is in latent form. 

Therefore, the heat gain from 14 people is 

^people = (No. of people) X 2 person = 14 X (525 W) = 7350 W 

Then the total rate of heat gain (or the internal heat load) of the 
exercise room during peak period becomes 

(2 total — ^motors + e p eo P ie =6782 + 7350 = 14,132 W 

The entire heat given off by the motors is in sensible form. Therefore, 
the latent heat gain is due to people only, which is determined to be 

Siatcnt = (No. of people) X a atcnt , perperson = 14 X (3 15 W) = 4410 W 

The remaining 14,132 - 4410 = 9722 W of heat gain is in the sensible form. 



16-45 A worn out standard motor is replaced by a high efficiency one. The reduction in the internal heat 
gain due to higher efficiency under full load conditions is to be determined. 

Assumptions 1 The motor and the equipment driven by the motor are in 
the same room. 2 The motor operates at full load so that /[ oa d = 1 . 

Analysis The heat generated by a motor is due to its inefficiency, and the 
difference between the heat generated by two motors that deliver the 
same shaft power is simply the difference between the electric power 
drawn by the motors, 

^,n. electric, standard = ^shaft 1 '/motor = (75 X 746 W)/0.91 = 61,484 W 
electric, efficient = ^shaft 1 '/motor = (75 x 746 W)/0.954 = 58,648 W 
Then the reduction in heat generation becomes 

reduction — ^in, electric, standard — ^in, electric, efficient — 61,484 — 58,648 — 2836 W 
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16-46 An electric hot plate and a gas hot plate are considered. For the same amount of “utilized” energy, 
the ratio of internal heat generated by gas hot plates to that by electric ones is to be determined. 


Assumptions Hot plates are not hooded and thus the entire 
energy they consume is dissipated to the room they are in. 

Analysis The utilized energy can be expressed in terms of 
the energy input and the efficiency as 

Utilized = (Energy input) x (Efficiency) 

= ^in x n -> ^in = ^utilized /? 7 

Noting that the utilized energy is the same for both the 
electric and gas hot plates, the ratio of internal heat 
generated by gas hot plates to that by electric ones is 
determined to be 



Ratio of heat generation = 


E: 


in, gas 


E, 


in, electric 


E 


utilized 


/ n 


gas 


^"utilized ^ ^1 electric 


^1 electric = 0-48 = ^ 
n gas °- 23 


Therefore, the gas hot plate will contribute twice as much to the internal heat gain of the room. 


16-47 A classroom has 40 students, one instructor, and 18 fluorescent light bulbs. The rate of internal heat 
generation in this classroom is to be determined. 

Assumptions 1 There is a mix of men, women, and children in the classroom. 2 The amount of light (and 
thus energy) leaving the room through the windows is negligible. 

Properties The average rate of heat generation from people seated in a room/office is 1 15 W (Table 16-8). 

Analysis The amount of heat dissipated by the lamps is equal to the 
amount of electrical energy consumed by the lamps, including the 10% 
additional electricity consumed by the ballasts. Therefore, 

flighting = (Energy consumed per lamp) x (No. of lamps) 

= (40 W)(l.l)(18) = 792 W 

^people = (No. of people) X 0 person = 41 X (1 15 W) = 4715 W 

Then the total rate of heat gain (or the internal heat load) of the 
classroom from the lights and people become 

Stotal = Slighting + Speople = 792 + 4715 = 5507 W 
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16-48 An electric car is powered by an electric motor mounted in the engine compartment. The rate of heat 
supply by the motor to the engine compartment at full load conditions is to be determined. 


Assumptions The motor operates at full load so thatyj oad = 1 . 

Analysis The heat generated by a motor is due to its 
inefficiency, and the heat generated by a motor is equal to 
the difference between the electrical energy it consumes 
and the shaft power it delivers, 

in, electric = ^shaft 1 V motor = ( 60 hp)/0.88 = 68.18 hp 
^generation — ^in, electric ^shaftout 

= 68.18-60 = 8.18 hp = 6.10 kW 
since 1 hp = 0.746 kW. 



Electric 
Motor 
r\= 88% 


Discussion The motor will supply as much heat to the compartment as a 6.1 kW resistance heater. 


16-49 A room is cooled by circulating chilled water, and the air is circulated through the heat exchanger by 
a fan. The contribution of the fan-motor assembly to the cooling load of the room is to be determined. 


Assumptions The fan motor operates at full load so that /f oad = 1 . 


Analysis The entire electrical energy consumed by the 
motor, including the shaft power delivered to the fan, is 
eventually dissipated as heat. Therefore, the contribution of 
the fan-motor assembly to the cooling load of the room is 
equal to the electrical energy it consumes, 


^internal generation ^in, electric ^shaft ^ ^7 motor 

= (0.25 hp)/0.54 = 0.463 hp = 345 W 


since 1 hp = 746 W. 
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16-50 An office that is being cooled adequately by a 12,000 Btu/h window air-conditioner is converted to a 
computer room. The number of additional air-conditioners that need to be installed is to be determined. 

Assumptions 1 The computer are operated by 4 adult men. 2 The computers consume 40 percent of their 
rated power at any given time. 

Properties The average rate of heat generation from a man seated in a room/office is 130 W (Table 16-8). 


Analysis The amount of heat dissipated by the computers is 
equal to the amount of electrical energy they consume. 
Therefore, 


Q 


computers 


(Rated power) x (Usage factor) 
= (3.5 kW)(0.4) = 1 .4 kW 

Cpeople = (No. of people) * ^person 
= 4x(130 W) = 520 W 


Q total Q 


computers 


+ 


^people 


= 1 400 + 520 = 1 920 W = 655 1 Btu/h 


since 1 W = 3.412 Btu/h. Then noting that each available 
air conditioner provides 4,000 Btu/h cooling, the number of 
air-conditioners needed becomes 


A/C 


3.5 kW 
Computers 


12,000 

Btu/h 




. Cooling load 

No. of air conditioners = 

Cooling capacity of A/C 


6551 Btu/h _ i ^ 
4000 Btu/h ~ 


2 Air conditioners 


16-51 A restaurant purchases a new 8-kW electric range for its kitchen. The increase in the design cooling 
load is to be determined for the cases of hooded and unhooded range. 


Assumptions 1 The contribution of an appliance to the design 
cooling is half of its rated power. 2 The hood of an appliance 
removes all the heated air and moisture generated, except the 
radiation heat that constitutes 38 percent of the heat generated. 

Analysis The design cooling load due to an unhooded range is 32 % 

half of its rated power, and the design cooling of a hooded Radiation 

range is half of the radiation component of heat dissipation, 
which is taken to be 38 percent. Then the increase in the design 
cooling load for both cases becomes 

C unhooded appliance = 0-5 X C app l iance , input = 0.5 X (8 kW) = 4 kW 
hooded appliance = °-5 X O.320 appliance input = 0.5x 0.32 X (8 kW) = 1.28 kW 


68% 

Hot and humid 
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16-52 A department store expects to have 95 people at peak times in summer. The contribution of people to 
the sensible, latent, and total cooling load of the store is to be determined. 

Assumptions There is a mix of men, women, and children in the classroom. 

Properties The average rate of heat generation from people in a 
shopping center is 130 W, and 75 W of it is in sensible form and 
55 W in latent form (Table 16-8). 

Analysis The contribution of people to the sensible, latent, and 
total cooling load of the store are 

^people, total = (No. of people) x 0 person , total = 95 X (130 W) = 12,350 W 
(^people, sensible = ( N °- ° f People) X 0 person , sensible = 95 X (70 W) = 7125 W 
£?peo P ie, latent = (No- of people) x g person latent = 95 X (35 W) = 5225 W 


^people 


t 


DEPARMENT 

STORE 


80 Customers 
15 Employees 


16-53E There are 500 people in a movie theater in winter. It is to be determined if the theater needs to be 
heated or cooled. 


Assumptions There is a mix of men, women, and children in the classroom. 


Properties The average rate of heat generation from people in a movie theater is 105 W, and 70 W of it is 
in sensible form and 35 W in latent form (Table 16-8). 


Analysis Noting that only the sensible heat from a 
person contributes to the heating load of a building, the 
contribution of people to the heating of the building is 

^people, sensible — (No. of people) X ^^p ersorij sensible 

= 500x (70 W) = 35,000 W 

= 1 19,420 Btu/h 

since 1 W = 3.412 Btu/h. The building needs to be 
heated since the heat gain from people is less than the 
rate of heat loss of 150,000 Btu/h from the building. 


150,000 Btu/h 




m 

\ 

& 




MOVIE \ 
THEATER \ 
500 people \ 
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Heat Transfer through the Walls and Roofs 

16-54C The i^-value of a wall is the thermal resistance of the wall per unit surface area. It is the same as 
the unit thermal resistance of the wall. It is the inverse of the ^/-factor of the wall, R= \IU. 

16-55C The effective emissivity for a plane-parallel air space is the “equivalent” emissivity of one surface 
for use in the relation Q rdd = £ effecti ~ T\) that results in the same rate of radiation heat transfer 
between the two surfaces across the air space. It is determined from 


^effective ^ 2 

where 8! and s 2 are the emissivities of the surfaces of the air space. When the effective emissivity is 
known, the radiation heat transfer through the air space is determined from the Q rdd relation above. 


16-56C The unit thermal resistances (R-\ alue) of both 40-mm and 90-mm vertical air spaces are given to 
be the same, which implies that more than doubling the thickness of air space in a wall has no effect on 
heat transfer through the wall. This is not surprising since the convection currents that set in in the thicker 
air space offset any additional resistance due to a thicker air space. 


16-57C Radiant barriers are highly reflective materials that minimize the radiation heat transfer between 
surfaces. Highly reflective materials such as aluminum foil or aluminum coated paper are suitable for use 
as radiant barriers. Yes, it is worthwhile to use radiant barriers in the attics of homes by covering at least 
one side of the attic (the roof or the ceiling side) since they reduce radiation heat transfer between the 
ceiling and the roof considerably. 


16-58C The roof of a house whose attic space is ventilated effectively so that the air temperature in the 
attic is the same as the ambient air temperature at all times will still have an effect on heat transfer through 
the ceiling since the roof in this case will act as a radiation shield, and reduce heat transfer by radiation. 
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16-59 The R -value and the (7-factor of a wood frame wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the insulation and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (7-factors for the insulation and stud sections are available, the overall average thermal resistance for 
the entire wall can be determined from 

-^overall l/(7 0V erall where (7 0V erall (U/area )insulation (t//area ) stud 

and the value of the area fraction f area is 0.80 for insulation section and 0.20 for stud section since the 
headers that constitute a small part of the wall are to be treated as studs. Using the available R - values from 
Table 16-10 and calculating others, the total 7?- values for each section is determined in the table below. 



Construction 

2 

R -value, m . 

°CAV 

Between 

studs 

At studs 

1. Outside surface, 12 km/h wind 

0.044 

0.044 

2. Wood bevel lapped siding 

0.14 

0.14 

3. Fiberboard sheathing, 13 mm 

0.23 

0.23 

4a. Mineral fiber insulation, 140 mm 

3.696 

— 

4b. Wood stud, 38 mm by 140 mm 

-- 

0.98 

5. Gypsum wallboard, 13 mm 

0.079 

0.079 

6. Inside surface, still air 

0.12 

0.12 


2 

Total unit thermal resistance of each section, R (in m .°C/W) 

4.309 

1.593 

The (7-factor of each section, U= l/R, in W/m 2 .°C 

0.232 

0.628 

Area fraction of each section, f area 

0.80 

0.20 

Overall (7-factor, U= £/ area ,i(7j = 0.80x0.232+0.20x0.628 

0.311 W/m 2 .°C 

Overall unit thermal resistance, R = 1/(7 

3.213 m 2 .°C/W 


Therefore, the i?-value and (7-factor of the wall are R = 3.213 m 2 .°C/W and U= 0.3 1 1 W/m 2 .°C. 
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16-60 The change in the lvalue of a wood frame wall due to replacing flberwood sheathing in the wall by 
rigid foam sheathing is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the insulation and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the ^/-factors for the insulation and stud sections are available, the overall average thermal resistance for 
the entire wall can be determined from 

-^overall — l/f/ 0 verall where ^overall — (f^/area ) insulation (f^/area )stud 

and the value of the area fraction f area is 0.80 for insulation section and 0.20 for stud section since the 
headers that constitute a small part of the wall are to be treated as studs. Using the available R - values from 
Table 16-10 and calculating others, the total ^-values for each section of the existing wall is determined in 
the table below. 


Construction 

R -value, nT 

! .°c/w 

Between 

studs 

At studs 

1. Outside surface, 12 km/h wind 

0.044 

0.044 

2. Wood bevel lapped siding 

0.14 

0.14 

3. Rigid foam, 25 mm 

0.98 

0.98 

4a. Mineral fiber insulation, 140 mm 

3.696 

-- 

4b. Wood stud, 38 mm by 140 mm 

-- 

0.98 

5. Gypsum wallboard, 13 mm 

0.079 

0.079 

6. Inside surface, still air 

0.12 

0.12 



Total unit thermal resistance of each section, R (in m .°C/W) 

5.059 

2.343 

The U-factor of each section, U= HR, in W/m 2 .°C 

0.198 

0.426 

Area fraction of each section, f area 

0.80 

0.20 

Overall [/-factor, U=If are ^ i U i = 0.80x0.232+0.20x0.628 

0.2436 W/m 2 .°C 

Overall unit thermal resistance, R= \/U 

4.105 m 2 .°C/W 


The R-v alue of the existing wall is R = 3.213 m .°C/W. Then the change in the R-v alue becomes 


% Change = 


A R - value 
R- value, old 


4.105-3.213 

4.105 


0.217 


(or 21 . 7 %) 
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16-61E The R-v alue and the [/-factor of a masonry cavity wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the [/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 

-^overall 1 /[/overall where [/overall (///area )air space (t//area ) stud 

and the value of the area fraction f area is 0.80 for air space and 0.20 for the ferrings and similar structures. 
Using the available R-v alues from Table 16-10 and calculating others, the total /[-values for each section of 
the existing wall is determined in the table below. 


Construction 

/[-value, h.ft 2 

.°F/Btu 

Between 

furring 

At 

furring 

1. Outside surface, 15 mph wind 

0.17 

0.17 

2. Face brick, 4 in 

0.43 

0.43 

3. Cement mortar, 0.5 in 

0.10 

0.10 

4. Concrete block, 4-in 

1.51 

1.51 

5a. Air space, 3/4-in, nonreflective 

2.91 

-- 

5b. Nominal 1x3 vertical furring 

— 

0.94 

6. Gypsum wallboard, 0.5 in 

0.45 

0.45 

7. Inside surface, still air 

0.68 

0.68 




Total unit thermal resistance of each section, R 

6.25 

4.28 

The [/-factor of each section, U= 1 /R, in Btu/h.ft 2 .°F 

0.160 

0.234 

Area fraction of each section, f area 

0.80 

0.20 

Overall [/-factor, U= S/ area ,,[/i = 0.80x0.160+0.20x0.234 

0.175 Btu/h.ft 2 .°F 

Overall unit thermal resistance, R= l/U 

5.72 h.ft 2 .°F/Btu 


• • • 2 

Therefore, the overall unit thermal resistance of the wall is R = 5.72 h.ft .°F/Btu and the overall U-factor is 
U = 0.175 Btu/h.ft .°F. These values account for the effects of the vertical ferring. 
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16-62 The winter R-v alue and the [/-factor of a flat ceiling with an air space are to be determined for the 
cases of air space with reflective and nonreflective surfaces. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the ceiling is one-dimensional. 3 
Thermal properties of the ceiling and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. The R- values of different air 
layers are given in Table 16-13. 

Analysis The schematic of the ceiling as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the [/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 

-^overall 1 /[/overall where [/overall (f^/area )air space (t//area ) stud 

and the value of the area fraction f area is 0.82 for air space and 0.18 for stud section since the headers 
which constitute a small part of the wall are to be treated as studs. 

(a) Nonreflective surfaces, S\ = = 0.9 and thus £ P ff PPt j V e = = = 0.82 

12 ettectlve lU x +l/£ 2 -l 1/0. 9 + 1/0. 9-1 



Construction 

R -value, m 2 .°C/W 

Between 

studs 

At studs 

1. Still air above ceiling 

0.12 

0.044 

2. Linoleum (R = 0.009 m 2 .°C/W) 

0.009 

0.14 

3. Felt (R = 0.011 m 2 .°C/W) 

0.011 

0.23 

4. Plywood, 13 mm 

0.11 


5. Wood subfloor (R = 0.166 m 2 .°C/W) 

0.166 


6a. Air space, 90 mm, nonreflective 

0.16 

— 

6b. Wood stud, 38 mm by 90 mm 

— 

0.63 

7. Gypsum wallboard, 13 mm 

0.079 

0.079 

8. Still air below ceiling 

0.12 

0.12 


2 

Total unit thermal resistance of each section, R (in m .°C/W) 

0.775 

1.243 

The [/-factor of each section, U= 1 /R, in W/m 2 .°C 

1.290 

0.805 

Area fraction of each section, f area 

0.82 

0.18 

Overall [/-factor, U= = 0.82x1.290+0. 18x0.805 

1.203 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

0.831 m 2 .°C/W 


(b) One-reflective surface, s* = 0.05 and = 0.9 — » £ pffppt ; vp = = = 0.05 

1 2 effectlve l/^+l/^-l 1/0.05 + 1/0.9-1 

In this case we replace item 6a from 0.16 to 0.47 m 2 .°C/W. It gives R = 1.085 m 2 .°C/W and U= 0.922 W/ 
m .°C for the air space. Then, 


Overall [/-factor, U = ;[/; = 0.82x1.085+0.18x0.805 

1.035 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

0.967 m 2 .°C/W 


(c) Two-reflective surface, = e 2 = 0.05 — » £ P ff PPt i V e = = = 0.03 

1/ s x +l/ s 2 -l 1/0.05 + 1/0.05-1 

In this case we replace item 6a from 0.16 to 0.49 m 2 .°C/W. It gives R= 1.105 m 2 .°C/W and U= 0.905 W/ 
m .°C for the air space. Then, 


Overall U- factor, U = S/ area>i [/i = 0.82x1.105+0. 18x0.805 

1.051 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

0.951 m 2 .°C/W 
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16-63 The winter R - value and the [/-factor of a masonry cavity wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the [/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 

-^overall 1 /[/overall where [/overall ([//area ) air space + (C//area ) stud 

and the value of the area fraction f area is 0.84 for air space and 0. 16 for the ferrings and similar structures. 
Using the available /^-values from Tables 16-10 and 16-13 and calculating others, the total /[-values for 
each section of the existing wall is determined in the table below. 



R -value, m 2 .°C/W 

Construction 

Between 

furring 

At 

furring 

1. Outside surface, 24 km/h 

0.030 

0.030 

2. Face brick, 100 mm 

0.12 

0.12 

3. Air space, 90-mm, nonreflective 

0.16 

0.16 

4. Concrete block, lightweight, 100- 
mm 

0.27 

0.27 

5a. Air space, 20 mm, nonreflective 

0.17 

— 

5b. Vertical ferring, 20 mm thick 

— 

0.94 

6. Gypsum wallboard, 13 

0.079 

0.079 

7. Inside surface, still air 

0.12 

0.12 



Total unit thermal resistance of each section, R 

0.949 

1.719 

The [/-factor of each section, U= HR, in W/m 2 .°C 

1.054 

0.582 

Area fraction of each section, / area 

0.84 

0.16 

Overall [/-factor, U = = 0.84x1.054+0. 16x0.582 

0.978 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

1.02 m 2 .°C/W 


• • • 2 

Therefore, the overall unit thermal resistance of the wall is R = 1.02 m .°C/W and the overall U-factor is U 
= 0.978 W/m .°C. These values account for the effects of the vertical ferring. 
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16-64 The winter R-v alue and the [/-factor of a masonry cavity wall with a reflective surface are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. The R - values of air spaces are 
given in Table 16-13. 


Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the air space and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the [/-factors for the air space and stud sections are available, the overall average thermal resistance for the 
entire wall can be determined from 


-/^overall 1 /[/overall 

where [/overall — (///area ) air space (///area ) stud 

and the value of the area fraction f area is 0.84 for air 
space and 0. 16 for the ferrings and similar structures. 
For an air space with one-reflective surface, we have 
s x =0.05 and s 2 - 0.9 , and thus 


^"effective 


1 

1 / £ x + 1 / 8 2 — 1 


= 0.05 

1/0.05 + 1/0.9-1 


Using the available R-values from Tables 16-10 and 16- 
1 3 and calculating others, the total R-values for each 
section of the existing wall is determined in the table 
below. 



Construction 

R-v alue, m .° 

c/w 

Between 

furring 

At 

furring 

1. Outside surface, 24 km/h 

0.030 

0.030 

2. Face brick, 100 mm 

0.12 

0.12 

3. Air space, 90-mm, reflective with s = 0.05 

0.45 

0.45 

4. Concrete block, lightweight, 100-mm 

0.27 

0.27 

5a. Air space, 20 mm, reflective with s =0.05 

0.49 

— 

5b. Vertical ferring, 20 mm thick 

— 

0.94 

6. Gypsum wallboard, 13 

0.079 

0.079 

7. Inside surface, still air 

0.12 

0.12 


Total unit thermal resistance of each section, R 

1.559 

2.009 

The [/-factor of each section, U= l/R, in W/m 2 .°C 

0.641 

0.498 

Area fraction of each section, / area 

0.84 

0.16 

Overall [/-factor, U= Ifarea.it/; = 0.84x1.05+0.16x0.582 

0.618 W/m 2 .°C 

Overall unit thermal resistance, R= l/U 

1.62 m 2 .°C/W 


• • • 9 

Therefore, the overall unit thermal resistance of the wall is R = 1.62 m .°C/W and the overall U-factor is U 

= 0.618 W/m .°C. These values account for the effects of the vertical ferring. 

Discussion The change in the [/-value as a result of adding reflective surfaces is 

^ A [/-value 0.978-0.618 n 

Change = = = 0.368 


U - value, nonreflective 


0.978 


Therefore, the rate of heat transfer through the wall will decrease by 36.8% as a result of adding a 
reflective surface. 
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16-65 The winter R - value and the [/-factor of a masonry wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. 

Analysis Using the available /[-values from Tables 16-10, the total R-v alue of the wall is determined in the 
table below. 


Construction 

/[-value, 

m 2 .°C/W 

1. Outside surface, 24 km/h 

0.030 

2. Face brick, 100 mm 

0.075 

3. Common brick, 100 mm 

0.12 

4. Urethane foam insulation, 25-mm 

0.98 

5. Gypsum wallboard, 13 mm 

0.079 

6. Inside surface, still air 

0.12 



Total unit thermal resistance of each section, R 

1.404 m 2 .°C/W 

The [/-factor of each section, U= HR 

0.712 W/m 2 .°C 


• • • 2 

Therefore, the overall unit thermal resistance of the wall is R = 1.404 m .°C/W and the overall U-factor is 
(7=0.712 W/m 2 .°C. 


16-66 The [/-value of a wall under winter design conditions is given. The [/-value of the wall under 
summer design conditions is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant except the one at the outer 
surface. 


Properties The R-values at the outer surface of a wall for summer (12 
km/h winds) and winter (24 km/h winds) conditions are given in 
Table 3-6 to be R 0 , summer = 0.044 m 2 .°C/W and R 0? W j nte r =0.030 
m 2 .°C/W. 


Analysis The /[-value of the existing wall is 


R 


winter 


= 1/(7 


winter 


= 1/1.40 = 0.714m 2 -°C/W 


Winter 

WALL 

*o, winter 






Noting that the added and removed thermal resistances are in series, 
the overall /[-value of the wall under summer conditions becomes 

n _ d _ n , n 

^summer -^-winter ^o, winter ' -^o, summer 

= 0.714-0.030 + 0.044 
= 0.728 m 2 -°C/W 

Then the summer [/-value of the wall becomes 


Summer 



o, summer 



^summer =l/^summer =l/0-728 = 1.37m 2 -°C/W 
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16-67 The U- value of a wall is given. A layer of face brick is added to the outside of a wall, leaving a 20- 
mm air space between the wall and the bricks. The new [/-value of the wall and the rate of heat transfer 
through the wall is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The [/-value of a wall is given to be U= 2.25 W/m .°C. The R - values of 100-mm face brick 
and a 20-mm air space between the wall and the bricks various layers are 0.075 and 0. 170 m .°C/W, 
respectively. 


Analysis The R-\ alue of the existing wall for the winter conditions is 

^existing wall = 1 / ^existing wall = 1 / 2.25 = 0.444 m 2 • °C/W 

Noting that the added thermal resistances are in series, 
the overall R-\ alue of the wall becomes 

-''•modified wall -''-existing wall ' iV brick ' iV air layer 

= 0.44 + 0.075 + 0.170 = 0.689 m 2 • °C/W 
Then the [/-value of the wall after modification becomes 

^modified wall — 1 / ^modified wall = 1 / 0.689 = 1.45 m 2 • °C/W 
The rate of heat transfer through the modified wall is 

2 wa u = (^)waiiG ~T 0 ) = ( 1 .45 W/m 2 • °C)(2 1 m 2 )[22 - (-5)°C] = 822 W 



16-68 The summer and winter R-v alues of a masonry wall are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer through the wall is one-dimensional. 3 Thermal 
properties of the wall and the heat transfer coefficients are 
constant. 4 The air cavity does not have any reflecting 
surfaces. 

Properties The R-values of different materials are given in 
Table 16-10. 

Analysis Using the available R-values from Tables 16-10, the 
total R-value of the wall is determined in the table below. 


Construction 

2 

R-value, m 

: .°c/w 

Summer 

Winter 

la. Outside surface, 24 km/h (winter) 

— 

0.030 

lb. Outside surface, 12 km/h (summer) 

0.044 

— 

2. Face brick, 100 mm 

0.075 

0.075 

3. Cement mortar, 13 mm 

0.12 

0.12 

4. Concrete block, lightweight, 100 mm 

0.27 

0.27 

5. Air space, nonreflecting, 40-mm 

0.16 

0.16 

5. Plaster board, 20 mm 

0.122 

0.122 

6. Inside surface, still air 

0.12 

0.12 



Total unit thermal resistance of each section (the R-value) , m .°C/W 


0.809 


0.795 


9 • 

Therefore, the overall unit thermal resistance of the wall is R = 0.809 m .°C/W in summer and R = 0.795 
m 2 .°C/W in winter. 
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16-69E The (7-value of a wall for 7.5 mph winds outside are given. The (7-value of the wall for the case of 
15 mph winds outside is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant except the one at the outer 
surface. 


Properties The R-values at the outer surface of a wall for summer (7.5 mph winds) 


and winter (15 mph winds) conditions are given in Table 3-8 to be 

K 7.5 mph = R 0 , summer =0.25 h.ft 2 .°F/BtU 
and R 0t , 5 mph = R a ,, winter =0.17 h.ft 2 .°F/Btu 

Analysis The R-value of the wall at 7.5 mph winds (summer) is 

wall, 7.5 mph = ^ ^ wall, 7.5 mph =1/0.075 = 1 3.33 h.ft 2 • °F/BtU 

Noting that the added and removed thermal resistances are in 
series, the overall R-value of the wall at 15 mph (winter) 
conditions is obtained by replacing the summer value of outer 
convection resistance by the winter value, 

^wall,15mph — ^ wall, 7.5 mph — ^o,7.5mph ^^oJSmph 

= 13.33-0.25 + 0.17 =13.25 h.ft 2 °F/Btu 


Inside 



Outside 
7.5 mph 


Inside 


WALL 


Outside 
15 mph 


► 



Then the U-value of the wall at 15 mph winds becomes 

wall, 15 mph = l/^wal,15mph = 1 / 13.25 = 0.0755 h.ft 2 °F/BtU 


Discussion Note that the effect of doubling the wind velocity on the (7-value of the wall is less than 1 
percent since 


Change 


AU - value 
U - value 


0.0755-0.075 

0.075 


0.0067 (or 0.67%) 
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16-70 Two homes are identical, except that their walls are constructed differently. The house that is more 
energy efficient is to be determined. 

Assumptions 1 The homes are identical, except that their walls are constructed differently. 2 Heat transfer 
through the wall is one-dimensional. 3 Thermal properties of the wall and the heat transfer coefficients are 
constant. 

Properties The R- values of different materials are given in Table 16-10. 

Analysis Using the available R- values from Tables 16-10, the total R-value of the masonry wall is 
determined in the table below. 


Construction 

R-value, 

m 2 .°C/W 

1. Outside surface, 24 km/h (winter) 

0.030 

2. Concrete block, light weight, 200 mm 

2x0.27=0.54 

3. Air space, nonreflecting, 20 mm 

0.17 

4. Urethane foam insulation, 25 -mm 

0.98 

5. Plasterboard, 20 mm 

0.12 

6. Inside surface, still air 

0.12 






Total unit thermal resistance (the R-value) 

0.98 m 2 .°C/W 


2 2 * * 

which is less than 2.4 m .°C/W. Therefore, the standard R-2A m .°C/W wall is better insulated and thus it 

is more energy efficient. 


Reflective 
_ foil 


16-71 A ceiling consists of a layer of reflective acoustical tiles. The R-value of the ceiling is to be 

determined for winter conditions. . 

Highly 

Assumptions 1 Heat transfer through the ceiling is one- 
dimensional. 3 Thermal properties of the ceiling and the 
heat transfer coefficients are constant. 

Properties The R-values of different materials are given in 
Tables 16-10 and 16-11. 

Analysis Using the available R-values, the total R-value of 
the ceiling is determined in the table below. 


Construction 

R-value, 

m 2 .°C/W 

1. Still air, reflective horizontal 
surface facing up 

2. Acoustic tile, 19 mm 

3. Still air, horizontal surface, facing 
down 

R = 1/h = 1/4.32 
= 0.23 
0.32 

R = 1/h = 1/9.26 
= 0.11 



19 mm 


Acoustical 

tiles 


Total unit thermal resistance (the R-value) 


0.66 m 2 .°C/W 


2 

Therefore, the R-value of the hanging ceiling is 0.66 m .°C/W. 
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Heat Loss from Basement Walls and Floors 

16-72C The mechanism of heat transfer from the basement walls and floors to the ground is conduction 
heat transfer because of the direct contact between the walls and the floor. The rate of heat loss through the 
ground depends on the thermal conductivity of the soil, which depends on the composition and moisture 
content of the soil. The higher the moisture content, the higher the thermal conductivity, and the higher the 
rate of heat transfer. 


16-73C For a basement wall that is completely below grade, the heat loss through the upper half of the wall 
will be greater than the heat loss through the lower half since the heat at a lower section must pass 
thorough a longer path to reach the ground surface, and thus overcome a larger thermal resistance. 


16-74C A building loses more heat to the ground through the below grade section of the basement wall 
than it does through the floor of a basement per unit surface area. This is because the floor has a very long 
path for heat transfer to the ground surface compared to the wall. 


16-75C Heat transfer from a floor on grade at ground level is proportional to the perimeter of the floor, not 
the surface area. 


16-76C Venting a crawl space increases heat loss through the floor since it will expose the bottom of the 
floor to a lower temperature in winter. Venting a crawl space in summer will increase heat gain through the 
floor since it will expose the bottom of the floor to a higher temperature. 


16-77C The cold water pipes in an unheated crawl space in winter does not need to be insulated to avoid 
the danger of freezing in winter if the vents of the crawl space are tightly closed since, in this case, the 
temperature in the crawl space will be somewhere between the house temperature and the ambient 
temperature that will normally be above freezing. 
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16-78 The peak heat loss from a below grade basement in Anchorage, Alaska to the ground through its 
walls and the floor is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The 
basement is maintained at 20°C. 

Properties The heat transfer coefficients are given in Table 
16- 14a, and the amplitudes in Fig. 16-37. 

Solution The floor and wall areas of the basement are 

wail - Height x Perimeter = 2 x (1 . 8 m)(7 + 1 0 m) - 6 1 .2 m 2 
.4 floor - Length x Width - (7 m)(10m) - 70 m 2 


The amplitude of the annual soil temperature is determined 
from Fig. 16-37 to be 10°C. Then the ground surface 
temperature for the design heat loss becomes 


T —T — A — — S 10 = 1 s°r 

-* ground surface -* winter, mean ^ ^ v 1 ^ v -' 



The top 0.9-m section of the wall below the grade is insulated with R- 2.2, and the heat transfer coefficients 
through that section are given in Table 16- 14a to be 1.27, 1.20, and 1.00 W/m 2 .°C through the 1st, 2nd, and 
3rd 0.3 -m wide depth increments, respectively. The heat transfer coefficients through the uninsulated 
section of the wall which extends from 0.9 m to 1.8 m level is determined from the same table to be 2.23, 
1.80, and 1.50 W/m .°C for each of the remaining 0.3-m wide depth increments. The average overall heat 
transfer coefficient is 


U 


wall, ave 


U wall 


1.27 + 1.2 + 1.0 + 2.23 + 1.8 + 1.5 


No. of increments 


-1.50 W/m 2 . °C 


Then the heat loss through the basement wall becomes 


Abasement walls L^ wa p ?ave ^4 wa p (Lf, asemen t Lg rounc j sur f ace ) 

-(1.50 W/m 2 .°C)(6 1 .2 m 2 )[20 - (- 1 5)°C] - 32 1 3 W 


The shortest width of the house is 7 m, and the depth of the foundation below grade is 1.8 m. The 
floor heat transfer coefficient is given in Table 1 6- 14b to be 0.15 W/m .°C. Then the heat loss through the 
floor of the basement becomes 


Abasement floor L^fl oor ^fl oor (Lb asemen t Aground surface ) 


= (0.15 W/m 2 ,°C)(70 m 2 )[20 -(— 15)]°C = 368 W 


which is considerably less than the heat loss through the wall. The total heat loss from the basement is then 
determined to be 


Abasement Q basement wall + Abasement floor 3213 + 368 3581 W 

Discussion This is the design or peak rate of heat transfer from below-grade section of the basement, and 
this is the value to be used when sizing the heating system. The actual heat loss from the basement will be 
much less than that most of the time. 
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16-79 The vent of the crawl space is kept open. The rate of heat loss to the crawl space through insulated 
and uninsulated floors is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The vented crawl space temperature is the same as the 
ambient temperature. 


Properties The overall heat transfer coefficient for the 
insulated floor is given in Table 16-15 to be 0.432 W/m 2 .°C. 
It is 1 .42 W/m 2 .°C for the uninsulated floor. 

Analysis ( a ) The floor area of the house (or the ceiling area 
of the crawl space) is 

-T f^or - Length x Width = (8 m)(12 m) = 96 m 2 


Then the heat loss from the house to the crawl space becomes 

(^insulated floor — ^insulated floor ^ floor (^indoor — ^crawl) 

= (0.432 W/m 2 • °C)( 1 80 m 2 )(2 1 - 2. 5)°C 

= 1439 W 


(b) The heat loss for the uninsulated case is determined 
similarly to be 


^uninsulated floor ^uninsulated floor ^floor (^indoor ^crawl ) 

= (1 .42 W/m 2 . °C)( 1 80 m 2 )(2 1 - 2. 5)°C = 4729 W 



Discussion Note that heat loss through the uninsulated floor is more than 3 times the heat loss through the 
insulated floor. Therefore, it is a good practice to insulate floors when the crawl space is ventilated to 
conserve energy and enhance comfort. 
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16-80 The peak heat loss from a below grade basement in Boise, Idaho to the ground through its walls and 
the floor is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The basement is maintained at 18°C. 


Properties The heat transfer coefficients are given in Table 16- 
14a, and the amplitudes in Fig. 16-37. The mean winter 
temperature in Boise is 4.6°C (Table 16-5). 

Analysis The floor and wall areas of the basement are 

wail - Height x Perimeter = 2 x (1 . 8 m)(8 + 12m) = 108 m 2 

A fl oor = Length x Width = (8 m)(12 m) = 96 m 2 

The amplitude of the annual soil temperature is determined 
from Fig. 16-37 to be 1 1°C. Then the ground surface 
temperature for the design heat loss becomes 

r T ~ 1 rr- 1 J /lAll f\ A OP 

ground surface — *■ winter, mean — ^ ~ ‘t'-O - ii — — O.^- 



The entire 1.8-m section of the wall below the grade is uninsulated, and the heat transfer coefficients 
through that section are given in Table 16-14a to be 7.77, 4.20, 2.93, 2.23, 1.80, and 1.50 W/m 2 .°C for 
each 0.3-m wide depth increments. The average overall heat transfer coefficient is 


U 


wall, ave 


U wall 


7.77 + 4.20 + 2.93 + 2.23 + 1 .8 + 1 .5 


No. of increments 


= 3.405 W/m 2 °C 


Then the heat loss through the basement wall becomes 


^basement walls ^wall, ave ^ wall (^basement Aground surface ) 

= (3.405 W/m 2 -°C)(108 m 2 )[18-(-6.4)°C] = 8973 W 


The shortest width of the house is 12 m, and the depth of the foundation below grade is 1.8 m. The 
floor heat transfer coefficient is given in Table 16- 14b to be 0. 10 W/m .°C. Then the heat loss through the 
floor of the basement becomes 


Abasement floor ^floor ^ floor (^basement Aground surface ) 


= (0.10 W/m 2 .°C)(96m z )[18-(-6.4)]°C = 234 W 


which is considerably less than the heat loss through the wall. The total heat loss from the basement is then 
determined to be 


Abasement Abasement wall Abasement floor 8973 + 234 9207 W 

Discussion This is the design or peak rate of heat transfer from below-grade section of the basement, and 
this is the value to be used when sizing the heating system. The actual heat loss from the basement will be 
much less than that most of the time. 
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16-81E The peak heat loss from a below grade basement in Boise, Idaho to the ground through its walls 
and the floor is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The 
basement is maintained at 68°F. 


Properties The heat transfer coefficients are given in Table 
16- 14a, and the amplitudes in Fig. 16-37. The mean winter 
temperature in Boise is 39.7°F (Table 16-5). 

Solution The floor and wall areas of the basement are 

^4 wall = Height x Perimeter = 2 x (6 ft)(32 + 60 ft) = 11 04 ft 2 

A aom = Length x Width = (32 fr)(60 ft) = 1920 ft 2 

The amplitude of the annual soil temperature is determined from 
Fig. 16-37 to be 19.8°F. Then the ground surface temperature for 
the design heat loss becomes 



T. 


ground surface 


zz T • 

winter, mean 


-A- 39.7-19.8 = 19.9°F 


The entire 6-ft section of the wall below the grade is uninsulated, and the heat transfer coefficients through 
that section are given in Table 16- 14a to be 0.410, 0.222, 0.155, 0.119, 0.096, 0.079 Btu/h.ft 2 .°F for each 
1 -ft wide depth increments. The average overall heat transfer coefficient is 


U 


wall, ave 


^ ^wall 

No. of increments 


0.410 + 0.222 + 0. 155 + 0. 1 19 + 0.096 + 0.079 

6 


0.180 Btu/h • ft 2 • °F 


Then the heat loss through the basement wall becomes 


^basement walls ^wall, ave ^wall (^basement 


ground surface 


) 


= (0. 1 80 Btii/h • ft 2 • °F)( 1 1 04 ft 2 )(68 - 1 9.9)°F = 955 8 Btu/h 


The shortest width of the house is 32 ft, and the depth of the foundation below grade is 6 ft. The floor heat 
transfer coefficient is given in Table 16- 14b to be 0.02 Btu/h. ft 2 . °F. Then the heat loss through the floor of 
the basement becomes 


^basement floor ^ floor ^ floor (^basement Aground surface ) 


= (0.022 Btu/h • ft 2 • °F)( 1 920 ft 2 )(68 - 1 9.9)°F = 2032 Btu/h 


which is considerably less than the heat loss through the wall. The total heat loss from the basement is then 
determined to be 


Abasement Abasement wall (Abasement floor 9558 + 2032 11,590 Btli/h 

Discussion This is the design or peak rate of heat transfer from below-grade section of the basement, and 
this is the value to be used when sizing the heating system. The actual heat loss from the basement will be 
much less than that most of the time. 
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16-82 A house with a concrete slab floor sits directly on the ground at grade level, and the wall below 
grade is insulated. The heat loss from the floor at winter design conditions is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C. 3 The weather in 
Baltimore is moderate. 


Properties The 97.5% winter design conditions in 
Baltimore is -1 1°C (Table 16-4). The heat transfer 
coefficient for the insulated wall below grade is U= 0.86 
W/m.°C (Table 16- 14c). 

Solution Heat transfer from a floor on the ground at the 
grade level is proportional to the perimeter of the floor, and 
the perimeter in this case is 

.P floor = ^ x (Length + Width) = 2(1 5 + 1 8) m = 66 m 

Then the heat loss from the floor becomes 



“ U floor Pf[ oor (^indoor ^outdoor ) 

= (0.86 W/m • °C)(66 m)[22 - (-1 1)]°C = 1873 W 


Discussion This is the design or peak rate of heat transfer 
from below-grade section of the basement, and this is the 
value to be used when sizing the heating system. The actual 
heat loss from the basement will be much less than that 
most of the time. 


Grade 

line 



Ti =22°C 
Heat flow 


Concrete slab 


Frost 

depth 


s 


Foundation 

Wall 

Insulation 

Concrete 
footer 



16-83 A house with a concrete slab floor sits directly on the ground at grade level, and the wall below 
grade is uninsulated. The heat loss from the floor at winter design conditions is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C. 3 The weather in 
Baltimore is moderate. 


Properties The 97.5% winter design conditions in 
Baltimore is -1 1°C (Table 16-4). The heat transfer 
coefficient for the uninsulated wall below grade is 
U= 1.17 W/m.°C (Table 16- 14c). 

Solution Heat transfer from a floor on the ground at the 
grade level is proportional to the perimeter of the floor, 
and the perimeter in this case is 

p fl oor - 2 x (Length + Width) = 2(1 5 + 1 8) m = 66 m 
Then the heat loss from the floor becomes 


Sfloor - ^ floor Pf\ oor (^indoor ^outdoor ) 

= (1.17 W/m • °C)(66 m)[22 - (- 1 1)]°C = 2548 W 


Discussion This is the design or peak rate of heat transfer 
from below-grade section of the basement, and this is the 
value to be used when sizing the heating system. The actual 
heat loss from the basement will be much less than that 
most of the time. 


Grade 
line 



Ti =22°C 
Heat flow 


Concrete slab 
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depth 




Foundation 

Wall 



Concrete 

footer 
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16-84 The vents of the crawl space of a house are kept closed, but air still infiltrates The heat loss from the 
house to the crawl space and the crawl space temperature are to be determined for the cases of insulated 
and uninsulated walls, floor, and ceiling of the crawl space. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties and heat transfer coefficients 
remain constant. 3 The atmospheric pressure is 1 atm. 

Properties The indoor and outdoor design temperatures are 
given to be 22°C and -5°C, respectively, and the deep- 
down ground temperature is 10°C. The properties of air at - 
5°C and 1 atm are p = 1.328 kg/m 3 and c p = 1.004 kJ/kg.° 

C (Table A-l 1). The overall heat transfer coefficients (the 
^/-values) for insulated and uninsulated crawl spaces are 
given in Table 16-15 to be 


Application 

U, W/m 2 .°C 

uninsulated 

insulated* 

Floor above crawl space 

1.42 

0.432 

Ground of crawl space 

0.437 

0.437 

Wall of crawl space 

2.77 

1.07 



* 2 

An insulation R-v alue of 1.94 m .°C/W is used on the 

floor, and 0.95 m 2 .°C/W on the walls. 

Analysis ( a ) The floor (ceiling), ground, and wall areas of the crawl space are 
floor = Aground = Length x Width = (12 m)(20 m) = 240 m 2 
wail = Height x Perimeter = (0.7 m)[2x (12 + 20 m)] = 44.8 m 2 
The volume of the crawl space and the infiltration heat loss is 

t/ cr awi = (Height)(Width)(Length) = (0.7 m)(12m)(20 m) = 168 m 3 

^infiltration p (^ambient ^crawl ) = /Scrawl X ACH) Cp (r ambient - ^crawl ) 

= (1.328 kg/m 3 )(1 68 m 3 )( 1 .2/h)( 1 004 J/kg • °C)(-5 - J crawl )°C 
- 268,800(-5 - T crawl ) J/h - 74.7(-5 - T crawl ) W (since 1 h - 3600 s) 

Noting that under steady conditions the net heat transfer to the crawl space is zero, the energy balance for 
the crawl space can be written as 

Q floor (2 wall Aground (^infiltration — ^ 


or 


1 j nr l nrir Trawl ) flnnr T LJA\1 arn kj P n t 


Using the U-values from the table above for the insulated case and substituting, 

(0.432 W/m 2 • °C)(240 m 2 )(22 - T crmiX )°C + (1.07 W/m 2 -°C)(44.8 m 2 )(-5 - 7; rawl ) 0 C 

+ (0.437 W/m 2 • °C)(240 m 2 )( 10 - r crawl )°C + 74. 7(-5 - r crawl ) W = 0 

Solving for the equation above for the crawl space temperature gives T crdwl = 1.3°C. 

( b ) Similarly, using the U-values from the table above for the uninsulated case and substituting, 

(1 .42 W/m 2 • °C)(240 m 2 )(22- r crawl )°C + (2.77 W/m 2 •°C)(44.8 m 2 )(-5 - r crawl )°C 

+ (0.437 W/m 2 • °C)(240 m 2 )(10 - r crawl )°C + 74. 7(-5 - r crawl ) W = 0 

Solving for the equation above for the crawl space temperature gives r crawl = 11.7°C. 
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16-85 The vents of the crawl space of a house are tightly sealed, and no air infiltrates. The heat loss from 
the house to the crawl space and the crawl space temperature are to be determined for the cases of insulated 
and uninsulated walls, floor, and ceiling of the crawl space. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties and heat transfer coefficients 
remain constant. 3 The atmospheric pressure is 1 atm. 4 Air infiltration is negligible. 

Properties The indoor and outdoor design temperatures are 
given to be 22°C and -5°C, respectively, and the deep- 
down ground temperature is 10°C. The properties of air at - 
5°C and 1 atm are p = 1.328 kg / m 3 and C p = 1.004 kJ/kg.° 

C (Table A-l 1). The overall heat transfer coefficients (the 
^/-values) for insulated and uninsulated crawl spaces are 
given in Table 16-15 to be 


floor, and 0.95 m 2 .°C/W on the walls. 

Analysis ( a ) The floor (ceiling), ground, and wall areas of the crawl space are 

^ floor = Aground = Length x Width = (12 m)(20 m) = 240 m 2 

^ wail = Height x Perimeter = (0.7 m)[2x (12 + 20 m)] = 44.8 m 2 

Noting that under steady conditions the net heat transfer to the crawl space is zero, the energy balance for 
the crawl space can be written as 

Q floor + Q wall + Gground = 0 


Application 

U, W/m 2 .°C 

uninsulated 

insulated 

Floor above crawl space 

1.42 

0.432 

Ground of crawl space 

0.437 

0.437 

Wall of crawl space 

2.77 

1.07 


jj5 2 

An insulation lvalue of 1.94 m .°C/W is used on the 


-5°C 


Vent 


4 


JX 


t L 


Wall House 
22°C 


Floor 


> 


0.7 m 


Q 

Crawl 

space 



or 


[UA(T indoor - 

’ ^crawl )] floor + [UA(T ambient - 

’ ^crawl )]\vall T [L^4(fground 


crawl /Jgrouno 


Using the U-values from the table above for the insulated case and substituting, 

(0.432 W/m 2 • °C)(240 m 2 )(22 - r crawl )°C + (1 .07 W/m 2 • °C)(44.8 m 2 )(-5 -r crawl )°C 

+ (0.43 7 W/m 2 • °C)(240 m 2 )( 1 0 - T crawl )°C = 0 

Solving for the equation above for the crawl space temperature gives r craw i = 6.5°C. 

( b ) Similarly, using the U-values from the table above for the uninsulated case and substituting, 

(1 .42 W/m 2 ■ °C)(240 m 2 )(22 - T ciawl )°C + (2.77 W/m 2 • °C)(44.8 m 2 )(-5 - r crawl )°C 

+ (0.437 W/m 2 • °C)(240 m 2 )( 1 0 - r crawl )°C = 0 
Solving for the equation above for the crawl space temperature gives r crawl = 13.9°C. 
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Heat Transfer through Windows 


16-86C Windows are considered in three regions when analyzing heat transfer through them because the 
structure and properties of the frame are quite different than those of the glazing. As a result, heat transfer 
through the frame and the edge section of the glazing adjacent to the frame is two-dimensional. Even in the 
absence of solar radiation and air infiltration, heat transfer through the windows is more complicated than it 
appears to be. Therefore, it is customary to consider the windows in three regions when analyzing heat 
transfer through them: (1) the center-of-glass , (2) the edge-of-glass , and (3) the frame regions. When the 
heat transfer coefficient for all three regions are known, the overall U-value of the window is determined 
from 


^window (^center^center ^edge^edge ^frame^frame) ^ ^window 


where zf window is the window area, and A center , A e dge , and Af rame are the areas of the center, edge, and frame 
sections of the window, respectively, and U cen ter , U e d ge , and Uf rame are the heat transfer coefficients for the 
center, edge, and frame sections of the window. 


16-87C Of the three similar double pane windows with air gab widths of 5, 10, and 20 mm, the U-factor 
and thus the rate of heat transfer through the window will be a minimum for the window with 10-mm air 
gab, as can be seen from Fig. 16-44. 


16-88C In an ordinary double pane window, about half of the heat transfer is by radiation. A practical way 
of reducing the radiation component of heat transfer is to reduce the emissivity of glass surfaces by coating 
them with low-emissivity (or “low-e”) material. 


16-89C When a thin polyester film is used to divide the 20-mm wide air of a double pane window space 
into two 10-mm wide layers, both ( a ) convection and ( b ) radiation heat transfer through the window will 
be reduced. 


16-90C When a double pane window whose air space is flashed and filled with argon gas, (a) convection 
heat transfer will be reduced but (b) radiation heat transfer through the window will remain the same. 


16-9 1C The heat transfer rate through the glazing of a double pane window is higher at the edge section 
than it is at the center section because of the two-dimensional effects due to heat transfer through the 
frame. 


16-92C The (/-factors of windows with aluminum frames will be highest because of the higher 
conductivity of aluminum. The U-factors of wood and vinyl frames are comparable in magnitude. 
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16-93 The U-factor for the center-of-glass section of a double pane window is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 The thermal resistance of glass sheets is negligible. 


Properties The emissivity of clear glass is given to be 0.84. The values of h x and h Q for winter design 
conditions are h\ = 8.29 W/m 2 .°C and h Q = 34.0 W/m 2 .°C (Table 16-11). 


Analysis Disregarding the thermal resistance of glass sheets, 
which are small, the U-factor for the center region of a 
double pane window is determined from 

1 ~ 1 1 _1_ 

U ~ h- h h 

w center i space o 

where /+, h spa ce , and h 0 are the heat transfer coefficients at the 
inner surface of window, the air space between the glass layers, 
and the outer surface of the window, respectively. The effective 
emissivity of the air space of the double pane window is 


^effective 


l/^j+1/^2 - ! 


1 


1/0.84 + 1/0.84-1 


= 0.72 



For this value of emissivity and an average air space temperature of 10°C with a temperature difference 
across the air space to be 15°C, we read h space = 5.1 W/nr.°C from Table 9-3 for 13-mm thick air space. 
Therefore, 


1 


U 


1 1 

+ 


center 


8.29 5.7 34.0 


+ U C enter =3.07W/m^ °C 


Discussion The overall U-factor of the window will be higher because of the edge effects of the frame. 
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16-94 The rate of heat loss through an double-door wood framed window and the inner surface 
temperature are to be determined for the cases of single pane, double pane, and low-e triple pane windows. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


Properties The U-factors of the windows are given in Table 16-19. 

Analysis The rate of heat transfer through the window can be determined from 


^window ^overall^window ) 


where T x and T 0 are the indoor and outdoor air temperatures, 
respectively, U ow cr aii is the U-factor (the overall heat transfer 
coefficient) of the window, and ^4 window is the window area which 
is determined to be 


^window = Height x Width = (1.2 m)(1.8 m) = 2.16 m 2 


The U-factors for the three cases can be determined directly from 
Table 9-6 to be 5.57, 2.86, and 1.46 W/m 2 .°C, respectively. Also, 
the inner surface temperature of the window glass can be 
determined from Newton’s law, 


^window ^window (J'i ^glass) 


v T —T 
' glass J i 


^window 

h A 

n i ^window 


Double-door 

window Wood frame 



where h x is the heat transfer coefficient on the inner surface of the window which is determined from Table 
9-5 to be h x = 8.3 W/m .°C. Then the rate of heat loss and the interior glass temperature for each case are 
determined as follows: 

(a) Single glazing: 

^window = (5-57 W/m 2 •°C)(2.16m 2 )[20-(-8)°c] = 337 W 


T = T 

M glass x i 


Qvn 

h:A- 


window 


= 20°C 


/^window 


337 W 

(8.29 W/m 2 -°C)(2. 16m 2 ) 


1.2°C 


(b) Double glazing (13 mm air space): 

g window = (2.86 W/m 2 .°C)(2.16m 2 )[20-(-8rc] = 173 W 


T = T. 

x glass ± i 


^window 

h,A. 


= 20°C 


window 


173 W 

(8.29 W/m 2 - °C)(2. 16 m 2 ) 


10.3°C 


(c) Triple glazing (13 mm air space, low-e coated): 

^window =0-46 W/m 2 • °C)(2. 16 m 2 )[20 - (-8)°c] = 88.3 W 


T 

x glass 



_Q 

h:A 


window 


window 


= 20 


88.3 W 

(8.3 W/m 2 .°C)(2.16 m 2 ) 


-15.1°C 


Discussion Note that heat loss through the window will be reduced by 49 percent in the case of double 
glazing and by 74 percent in the case of triple glazing relative to the single glazing case. Also, in the case 
of single glazing, the low inner glass surface temperature will cause considerable discomfort in the 
occupants because of the excessive heat loss from the body by radiation. It is raised from 1.2°C to 10.3°C 
in the case of double glazing and to 15. 1°C in the case of triple glazing. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




16-43 


16-95 The overall U-factor for a double-door type window is to be determined, and the result is to be 
compared to the value listed in Table 16-19. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
Properties The U-factors for the various sections of 


Edge of 
Frame glass 


Center of 
glass 


2 m 



windows are given in Tables 16-11 and 16-19. 

Analysis The areas of the window, the glazing, 
and the frame are 

^window = Height x Width = (2 m)(2.4 m) = 4.80 m 2 
Hgiazing = 2x Height x Width = 2(1.92 m)(l. 14 m) = 4.38 m 2 

H frame = ^window " Adzing = 4.80 - 4.38 = 0.42 m 2 

The edge-of-glass region consists of a 6. 5 -cm wide band 
around the perimeter of the glazings, and the areas of the 
center and edge sections of the glazing are determined to be 

A center = 2(Height x Width) = 2(1 .92 - 0. 13 m)(l. 14 -0.13 m) = 3.62 m 
^edge — ^glazing — ^center — 4.38 — 3.62 — 0.76 m 

The U-factor for the frame section is determined from Table 9-4 to be Uf ram e = 2.8 W/m .°C. The U-factor 

'■) 

for the center and edge sections are determined from Table 9-6 to be U center = 2.78 W/nr.°C and U edge =3.40 
W/m .°C. Then the overall U-factor of the entire window becomes 

^window — (^center^center ^edge^edge ^frame^frame ) ^ -^window 

= (2.78 x 3.62 + 3.40 x 0.76 + 2.8 x 0.42) / 4.80 

= 2.88 W/m 2 °C 

Discussion The overall U-factor listed in Table 9-6 for the specified type of window is 2.86 W/m .°C, 
which is sufficiently close to the value obtained above. 


1.14m 1.14m 

- 2.4 m - 


16-96 The windows of a house in Atlanta are of double door type with wood frames and metal spacers. 
The average rate of heat loss through the windows in winter is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


Properties The U-factor of the window is given in Table 9-6 to 
be 2.13 W/m 2 .°C. 

Analysis The rate of heat transfer through the window can be 
determined from 


^window, avg ^overall^ window ^o,ave) 


where T x and T 0 are the indoor and outdoor air temperatures, 
respectively, U owe ,-aii is the U-factor (the overall heat transfer 
coefficient) of the window, and x4 window is the window area. 
Substituting, 

^window, avg = (2- 1 3 W/m 2 °C)(1 4 m 2 )(22 - 1 1 .3)°C = 31 9 W 

Discussion This is the “average” rate of heat transfer through 
the window in winter in the absence of any infiltration. 
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16-97E The R-v alue of the common double door windows that are double pane with 1/4-in of air space and 
have aluminum frames is to be compared to the R-v alue of R-13 wall. It is also to be determined if more 
heat is transferred through the windows or the walls. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 

3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


Properties The U-factor of the window is given in Table 16-19 to be 4.66x0.176 = 0.801 Btu/h.ft 2 .°F. 


Analysis The R-v alue of the windows is simply the inverse of its 
U- factor, and is determined to be 


R 


window 


1 

u 


= 1.25 h-ft 2 .°F/Btu 

0.801 Btu/h- ft 2 .°F 


which is less than 13. Therefore, the R-v alue of a double pane 
window is much less than the R - value of an R-13 wall. 

Now consider a 1 -ft section of a wall. The solid wall 
and the window areas of this section are A wall = 0.8 ft 2 and 
^window = 0-2 ft . Then the rates of heat transfer through the two 
sections are determined to be 



<2waii - U^A^-To) = A wM T ‘ T ° = (0.8 = o.0615Ar Btu/h 

R - value, wall (13 h.ft.F/Btu 

Q window — ^window ^window (T t - To ) ^window p . (0.2 ft 2 ) A7 \ F) = 0.1 60AJ Btu/h 

' ' K - value (1.25 h.ft .1- But 

Therefore, the rate of heat transfer through a double pane window is much more than the rate of heat 
transfer through an R-13 wall. 

Discussion The ratio of heat transfer through the wall and through the window is 

^window = 0.160 Btu/h = 2 60 
g wall 0.0615 Btu/h 

Therefore, 2.6 times more heat is lost through the windows than through the walls although the windows 
occupy only 20% of the wall area. 
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2 

16-98 The overall U-factor of a window is given to be U= 2.76 W/m .°C for 12 km/h winds outside. The 
new U-factor when the wind velocity outside is doubled is to be determined. 

Assumptions Thermal properties of the windows and the heat transfer coefficients are constant. 

Properties The heat transfer coefficients at the outer surface of the window are h Q = 22 .7 W/m .°C for 12 
km/h winds, and h Q = 22.7 W/m 2 .°C for 24 km/h winds (Table 16-1 1). 

Analysis The corresponding convection resistances for the 
outer surfaces of the window are 


R 


1 


1 


o,12 km/h 


h 


R 


o, 12 km/h 

1 


22.7 W/m 2 . °C 

1 


o, 24 km/h 


= 0.044 m 2 .°C/W 


= 0.029 m 2 .°C/W 


Inside 


^o, 24 km/h 34.0W/m 2 .°C 
Also, the R-v alue of the window at 12 km/h winds is 


R 

window, 12 km/h 


1 


1 


^window, 12 km/h 2.76 W/m 2 .°C 


= 0.362 m 2 .°C/W 


Outside 


12 km/h or 
24 km/h 


Noting that all thermal resistances are in series, the thermal resistance of 
the window for 24 km/h winds is determined by replacing the convection 
resistance for 12 km/h winds by the one for 24 km/h: 

^window, 24 km/h = ^window, 12 km/h - ^o,12km/h + ^o,24km/h = 0.362 - 0.044 + 0.029 = 0.347 m .°C/W 


Then the U-factor for the case of 24 km/h winds becomes 


U 


window, 24 km/h 


1 


R 


window, 24 km/h 


= 2.88 W/m 2 . °C 

0.347 m 2 .°C/W 


Discussion Note that doubling of the wind velocity increases the U-factor only slightly ( about 4%) from 
2.76 to 2.88 W/m 2 .°C. 
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16-99 The existing wood framed single pane windows of an older house in Wichita are to be replaced by 
double-door type vinyl framed double pane windows with an air space of 6.4 mm. The amount of money 
the new windows will save the home owner per month is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 
3 Thermal properties of the windows and the heat transfer coefficients are constant. 4 Infiltration heat 
losses are not considered. 


Properties The U-factors of the windows are 5.57 W/m .°C 
for the old single pane windows, and 3.20 W/m .°C. for the 
new double pane windows (Table 9-6). 

Analysis The rate of heat transfer through the window can be 
determined from 


^window ^overalF^window(^/ 


where T\ and T 0 are the indoor and outdoor air temperatures, 
respectively, f/ 0V craii is the U-factor (the overall heat transfer 
coefficient) of the window, and ^window is the window area. Noting 
that the heaters will turn on only when the outdoor temperature 
drops below 18°C, the rates of heat transfer due to electric heating 
for the old and new windows are determined to be 




Qwindow.oid = (5-57 W/m 2 ,°C)(17 m 2 )(18 - 7. 1)°C = 1032 W 
window, new = (3-20 W/m 2 .°C)(17 m 2 )( 1 8 - 7. 1)°C = 593 W 


Double 

pane 



2saved = 2 window, old _ window, new = 1^3 2 - 593 = 439 W 
Then the electrical energy and cost savings per month becomes 
Energy savings = Q sayed At = (0.439 kW)(30x 24 h/month) = 3 16 kWh/month 

Cost savings = (Energy savings)(Unit cost of energy) = (316 kWh/month)($0. 08 5/kWh) = $26.9/month 

Discussion We would obtain the same result if we used the actual indoor temperature (probably 22°C) for 
T x instead of the balance point temperature of 18°C. 
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Solar Heat Gain through Windows 

16-100C ( a ) The spectral distribution of solar radiation beyond the earth’s atmosphere resembles the 
energy emitted by a black body at 5982°C, with about 39 percent in the visible region (0.4 to 0.7 pm), and 
the 52 percent in the near infrared region (0.7 to 3.5 pm). ( b ) At a solar altitude of 41.8°, the total energy of 
direct solar radiation incident at sea level on a clear day consists of about 3 percent ultraviolet, 38 percent 
visible, and 59 percent infrared radiation. 


16-101C A window that transmits visible part of the spectrum while absorbing the infrared portion is 
ideally suited for minimizing the air-conditioning load since such windows provide maximum daylighting 
and minimum solar heat gain. The ordinary window glass approximates this behavior remarkably well. 


16-102C The solar heat gain coefficient (SHGC) is defined as the fraction of incident solar radiation that 
enters through the glazing. The solar heat gain of a glazing relative to the solar heat gain of a reference 
glazing, typically that of a standard 3 mm (1/8 in) thick double-strength clear window glass sheet whose 
SHGC is 0.87, is called the shading coefficient. They are related to each other by 


SC = 


Solar heat gain of product 
Solar heat gain of reference glazing 


SHGC 

SHGC ref 


^ = 1.15xSHGC 
0.87 


For single pane clear glass window, SHGC = 0.87 and SC = 1.0. 


16-103C The SC (shading coefficient) of a device represents the solar heat gain relative to the solar heat 
gain of a reference glazing, typically that of a standard 3 mm (1/8 in) thick double-strength clear window 
glass sheet whose SHGC is 0.87. The shading coefficient of a 3-mm thick clear glass is SC = 1.0 whereas 
SC = 0.88 for 3-mm thick heat absorbing glass. 


16-104C A device that blocks solar radiation and thus reduces the solar heat gain is called a shading 
device. External shading devices are more effective in reducing the solar heat gain since they intercept 
sun’s rays before they reach the glazing. The solar heat gain through a window can be reduced by as much 
as 80 percent by exterior shading. Light colored shading devices maximize the back reflection and thus 
minimize the solar gain. Dark colored shades, on the other hand, minimize the back refection and thus 
maximize the solar heat gain. 


16-105C A low-e coating on the inner surface of a window glass reduces both the (a) heat loss in winter 
and ( b ) heat gain in summer. This is because the radiation heat transfer to or from the window is 
proportional to the emissivity of the inner surface of the window. In winter, the window is colder and thus 
radiation heat loss from the room to the window is low. In summer, the window is hotter and the radiation 
transfer from the window to the room is low. 


16-106C Glasses coated with reflective films on the outer surface of a window glass reduces solar heat 
both in summer and in winter. 
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16-107 The net annual cost savings due to installing 
reflective coating on the West windows of a building 
and the simple payback period are to be determined. 

Assumptions 1 The calculations given below are for an 
average year. 2 The unit costs of electricity and natural 
gas remain constant. 

Analysis Using the daily averages for each month and 
noting the number of days of each month, the total solar 
heat flux incident on the glazing during summer and 
winter months are determined to be 

2solar, summer = 4.24x30+ 4. 16x3 1+ 3.93x3 1+3.48x30 
= 482 kWh/year 



gsoiar, winter = 2.94x3 1+ 2.33x30+2.07x3 1+2.35x3 1+3.03x28+3.62x3 1+4.00x30 


Transmitted 


= 615 kWh/year 


Then the decrease in the annual cooling load and the increase in 
the annual heating load due to reflective film become 


Cooling load decrease jQsolar, summer-^ glazing (SHGC without film " SHGC w jth film) 

= (482 kWh/year)(60 m 2 )(0.766-0.261) 


= 14,605 kWh/year 

Heating load increase = gsoiar, winter ^glazing (SHGC without film “ SHGC with film) 

= (615 kWh/year)(60 m 2 )(0.766-0.261) 

= 18,635 kWh/year = 635.8 therms/year 


since 1 therm = 29.31 kWh. The corresponding decrease in cooling costs and increase in heating costs are 
Decrease in cooling costs = (Cooling load decrease)(Unit cost of electricity)/COP 

= (14,605 kWh/year)($0.09/kWh)/3.2 = $41 1/year 
Increase in heating costs = (Heating load increase)(Unit cost of fuel)/Efficiency 

= (635.8 therms/year)($0.45/therm)/0.80 = $358/year 
Then the net annual cost savings due to reflective films become 

Cost Savings = Decrease in cooling costs - Increase in heating costs = $411 -358 = $53/year 
The implementation cost of installing films is 

Implementation Cost = ($20/m 2 )(60 m 2 ) = $1200 


This gives a simple payback period of 


0 . , , . t Implementation cost $1200 

Simple payback period = : = = 23 years 

Annual cost savings $53/year 


Discussion The reflective films will pay for themselves in this case in about 23 years, which is 
unacceptable to most manufacturers since they are not usually interested in any energy conservation 
measure which does not pay for itself within 3 years. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


16-49 


16-108 A house located at 40° N latitude has ordinary double pane windows. The total solar heat gain of 
the house at 9:00, 12:00, and 15:00 solar time in July and the total amount of solar heat gain per day for an 
average day in January are to be determined. 

Assumptions The calculations are performed for an average day in a given month. 

Properties The shading coefficient of a double pane window with 6-mm thick glasses is SC = 0.82 (Table 
16-21). The incident radiation at different windows at different times are given as (Table 16-20) 


Month 

Time 

Solar radiation incident on the surface, W/m 

North 

East 

South 

West 

July 

9:00 

117 

701 

190 

114 

July 

12:00 

138 

149 

395 

149 

July 

15:00 

117 

114 

190 

701 

January 

Daily total 

446 

1863 

5897 

1863 


Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq. 16-40 to be 
SHGC = 0.87xSC = 0.87x0.82 = 0.7134 
The rate of solar heat gain is determined from 

£?solargain — SHGC X Ag\ az [ n g x # solar, incident — 0.7 134 X v4gi az i n g x # so lar, incident 

Then the rates of heat gain at the 4 walls at 3 different times in July become 
North wall : 

£?soiar gain, 9:0 o = 0 . 7 1 3 4 x ( 4 m 2 ) x ( 1 1 7 W/m 2 ) = 334 W 

Alar gain, 12:00 = 0.7 134 x (4 m 2 ) x (138 W/m 2 ) = 394 W 

£?soiar gain, 1 5: oo = 0 . 7 1 3 4 x (4 m 2 ) x ( 1 1 7 W/m 2 ) = 334 W 
East walk 

Alar gain, 9:00 = 0.7 1 34 x (6 m 2 ) x (701 W/m 2 ) = 3001 W 

Alar gain, 12:00 = 0.7 134 x (6 m 2 ) x (149 W/m 2 ) = 638 W 

Alargain, 15:00 = 0.7 1 34 x (6 m 2 ) x (1 14 W/m 2 ) = 488 W 
South wall: 

Q s Olar gam, 9:00 = 0. 7 1 34 x (8 m 2 ) X ( 1 90 W/m 2 ) = 1084 W 

Alar gain, 12:00 = 0.7 1 34 x (8 m 2 ) x (395 W/m 2 ) = 2254 W 

Alar gain, 1 5:00 = 0 . 7 1 3 4 x (8 m : 2 ) x ( 1 90 W/m : 2 ) = 1 084 W 
West wall: 

Alar gain, 9:00 = 0. 7 1 34 x (6 m 2 ) x ( 1 1 4 W/m 2 ) = 488 W 
Q solar gain, 1 2:00 = 0.7 134 x (6 m 2 ) x (149 W/m 2 ) = 638 W 

Alar gain, 15:00 = 0-7 1 34 x (6 m 2 ) x (701 W/m 2 ) = 3001 W 

Similarly, the solar heat gain of the house through all of the windows in January is determined to be 
January : 

Alargain, North = 0.7 1 34 x (4 m 2 ) x (446 Wh/m 2 • day) = 1273 Wh/day 

fisoiar gain, East = 0.7 1 34 x (6 m 2 ) x (1863 Wh/m 2 -day) = 7974 Wh/day 

Alar gain, South = 0.7 1 34 x (8 m 2 ) x (5897 Wh/m 2 -day) = 33,655 Wh/day 

Alargain, Wes, = 0-7134 x (6 m 2 ) x (1863 Wh/m 2 • day) = 7974 Wh/day 
Therefore, for an average day in January, 

0soiar gain per day = 1273 + 7974 + 33,655 + 7974 = 58,876 Wh/day = 58.9 kWh/day 
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16-109 A house located at 40° N latitude has gray-tinted double pane windows. The total solar heat gain of 
the house at 9:00, 12:00, and 15:00 solar time in July and the total amount of solar heat gain per day for an 
average day in January are to be determined. 

Assumptions The calculations are performed for an average day in a given month. 

Properties The shading coefficient of a gray-tinted double pane window with 6-mm thick glasses is SC = 
0.58 (Table 16-21). The incident radiation at different windows at different times are given as (Table lb- 
20 ) 


Month 

Time 

2 

Solar radiation incident on the surface, W/m 

North 

East 

South 

West 

July 

9:00 

117 

701 

190 

114 

July 

12:00 

138 

149 

395 

149 

July 

15:00 

117 

114 

190 

701 

January 

Daily total 

446 

1863 

5897 

1863 


Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq. 16-40 to be 
SHGC = 0.87xSC = 0.87x0.58 = 0.5046 
The rate of solar heat gain is determined from 

Ssolargain — SHGC X Ag\ az [ n g X ^ so l ar , incident — 0.5046 X A^ azm g X ^ so l ar , incident 

Then the rates of heat gain at the 4 walls at 3 different times in July become 
North wall : 

Alar gain, 9:00 = 0-5046 X (4 HI 2 )x (1 17 W/m 2 ) = 236 W 

Alar gain, 12:00 = 0-5046 x (4 m 2 ) x (138 W/m 2 ) = 279 W 

Alar gain, 15:00 = 0-5046 x (4 m 2 ) x (1 17 W/m 2 ) = 236 W 
East wall: 

Alar gain, 9:00 = 0-5046 x (6 m 2 ) x (701 W/m 2 ) = 2122 W 

Alar gain, 12:00 = 0-5046 x (6 m 2 ) x (149 W/m 2 ) = 451 W 

Alar gain, 15:00 = 0.5046 x (6 m 2 ) x (1 14 W/m 2 ) = 345 W 
South wall’. 

Alar gain, 9:00 = 0.5046 x (8 m 2 ) x (190 W/m 2 ) = 767 W 

Alar gain, 12:00 = 0-5046 x (8 m 2 ) x (395 W/m 2 ) = 1595 W 

Alargain, 15:00 = 0-5046 x (8 m 2 ) x (190 W/m 2 ) = 767 W 
West wall’. 

Alar gam, 9:00 = 0. 5046 x (6 m 2 ) X ( 1 1 4 W/m 2 ) = 345 W 
Alar gain, 12:00 = 0-5046 x (6 m 2 ) x (149 W/m 2 ) = 451 W 

Alar gain, 15:00 = 0-5 0 46 x (6 m 2 ) x (70 1 W/m 2 ) = 2122 W 

Similarly, the solar heat gain of the house through all of the windows in January is determined to be 
January: 

Alar gain. North = 0.5046 x (4 m 2 ) x (446 Wh/m 2 • day) = 900 Wh/day 

Alar gain, East = °-5046 x (6 m 2 ) x (1863 Wh/m 2 • day) = 5640 Wh/day 

Aar gain, South = 0.5046 x (8 m 2 ) x (5897 Wh/m 2 • day) = 23,805 Wh/day 

Alar gain, West = 0.5046 x (6 m 2 ) x (1 863 Wh/m 2 • day) = 5640 Wh/day 
Therefore, for an average day in January, 

0soiargain per day = 900 + 5640 + 23,805 + 5640 = 35,985 Wh/day = 35.895 kWh/day 
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16-110 A building at 40° N latitude has double pane heat absorbing type windows that are equipped with 
light colored Venetian blinds. The total solar heat gains of the building through the south windows at solar 
noon in April for the cases of with and without the blinds are to be determined. 

Assumptions The calculations are performed for an “average” day in April, and may vary from location to 
location. 


Properties The shading coefficient of a double pane heat absorbing type windows is SC = 0.58 (Table 1 1- 
5). It is given to be SC = 0.30 in the case of blinds. The solar radiation incident at a South-facing surface at 
12:00 noon in April is 559 W/m 2 (Table 1 1-4). 

Analysis The solar heat gain coefficient (SHGC) of the windows without the blinds is determined from 
Eq. 16-40 to be 

SHGC = 0.87xSC = 0.87x0.58 = 0.5046 


Then the rate of solar heat gain through the window becomes 

£?solar gain, no blinds — SHGC X ^4gi a zing x *7 solar, incident 


= 0.5046(130 m 2 )(559 W/m 2 ) 

= 36,670 W 

In the case of windows equipped with Venetian blinds, the SHGC and 
the rate of solar heat gain become 


Venetian 

blinds 


SHGC = 0.87xSC = 0.87x0.30 = 0.261 
Then the rate of solar heat gain through the window becomes 

£?solar gain, no blinds — SHGC X ^4gi az ing X *7 solar, incident 

= 0.26 l(130m 2 )(559 W/m 2 ) 

= 18,970 W 


Light 

colored 



Double- 

pane 

window 


Heat- 

absorbing 

glass 


Discussion Note that light colored Venetian blinds significantly reduce the solar heat, and thus air- 
conditioning load in summers. 
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16-111 A house has double door type windows that are double pane with 6.4 mm of air space and 
aluminum frames and spacers. It is to be determined if the house is losing more or less heat than it is 
gaining from the sun through an east window in a typical day in January. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 Solar data at 40° latitude 
can also be used for a location at 39° latitude. 


Properties The shading coefficient of a double pane window with 3-mm thick clear glass is SC = 0.88 
(Table 16-21). The overall heat transfer coefficient for double door type windows that are double pane with 
6.4 mm of air space and aluminum frames and spacers is 4.55 W/m .°C (Table 16-19). The total solar 
radiation incident at an East-facing surface in January during a typical day is 1863 Wh/m (Table 16-20). 


Analysis The solar heat gain coefficient (SHGC) of the 
windows is determined from Eq. 1 6-40 to be 

SHGC = 0.87xSC = 0.87x0.88 = 0.7656 

Then the solar heat gain through the 
window per unit area becomes 

C^solargain — SHGC X ^4gi az ing X *7 solar, daily total 

= 0.7656(1 m 2 )(1863 Wh/m 2 ) 

= 1426 Wh = 1.426 kWh 


The heat loss through a unit area of the window 
during a 24-h period is 


Sloss, window ^loss, window ^ ^window ^window (^/ ^0, 


ave 


= (4.55 W/m 2 • °C)(1 m 2 )(22- 10)°C(24 h) 

= 1310 Wh = 1.31 kWh 




)(lday) 



Solar 

heat 

gain 


Therefore, the house is loosing less heat than it is gaining through the East windows during a typical day in 
January. 
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16-112 A house has double door type windows that are double pane with 6.4 mm of air space and 
aluminum frames and spacers. It is to be determined if the house is losing more or less heat than it is 
gaining from the sun through a South window in a typical day in January. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 Solar data at 40° latitude 
can also be used for a location at 39° latitude. 


Properties The shading coefficient of a double pane window with 3-mm thick clear glass is SC = 0.88 
(Table 16-21). The overall heat transfer coefficient for double door type windows that are double pane with 
6.4 mm of air space and aluminum frames and spacers is 4.55 W/m .°C (Table 16-19). The total solar 
radiation incident at a South-facing surface in January during a typical day is 5897 Wh/m (Table 16-20). 


Analysis The solar heat gain coefficient (SHGC) of 
the windows is determined from Eq. 1 6-40 to be 

SHGC = 0.87xSC = 0.87x0.88 = 0.7656 

Then the solar heat gain through the window per 
unit area becomes 


^ solar gam 


= 0.7656(1 m 2 )(5897 Wh/m 2 ) 

= 4515 Wh = 4.515 kWh 


The heat loss through a unit area of the window 
during a 24-h period is 


Sloss, window ^loss, window ^ ^window ^window ^0, 


ave 


= (4.55 W/m 2 • °C)(1 m 2 )(22 - 10)°C(24 h) 

- 1310 Wh = 1.31 kWh 



Solar 

heat 

gain 


Therefore, the house is loosing much less heat than it is gaining through the South windows during a 
typical day in January. 
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16-1 13E A house has 1/8-in thick single pane windows with aluminum frames on a West wall. The rate of 
net heat gain (or loss) through the window at 3 PM during a typical day in January is to be determined. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 The frame area relative 
to glazing area is small so that the glazing area can be taken to be the same as the window area. 

Properties The shading coefficient of a 1/8-in thick single pane window is SC = 1.0 (Table 16-21). The 
overall heat transfer coefficient for 1/8-in thick single pane windows with aluminum frames is 6.63 
W/m 2 .°C =1.17 Btu/h.ft 2 .°F (Table 9-6). The total solar radiation incident at a West-facing surface at 3 PM 
in January during a typical day is 557 W/m 2 =177 Btu/h.ft 2 (Table 16-20). 

Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq. 16-40 to be 
SHGC = 0.87xSC = 0.87x1.0 = 0.87 


The window area is : A winc iow - (9 ft)( 1 5 ft) = 1 3 5 ft 2 

Then the rate of solar heat gain through 
the window at 3 PM becomes 

Ssolar gain, 3 PM = SHGC X ^4 glazing X q solar? 3 pM 

= 0. 87(1 35 ft 2 )( 177 Btu/h.ft 2 ) 

= 20,789 Btu/h 

The rate of heat loss through the window at 3 PM is 

= TJ A (T — T \ 

, window window window V / 0 / 

= (1.17 Btu/h -ft 2 -°F)(135 ft 2 )(70- 2( 
= 7898 Btu/h 




The house will be gaining heat at 3 PM since the solar heat gain is larger than the heat loss. The rate of net 
heat gain through the window is 

£?net =0solargain,3PM “Ass, window = 20,789 - 7898 = 12,890 Btu/h 


Discussion The actual heat gain will be less because of the area occupied by the window frame. 


16-114 A building located near 40° N latitude has equal window areas on all four sides. The side of the 
building with the highest solar heat gain in summer is to be determined. 

Assumptions The shading coefficients of windows on all sides of the building are identical. 

Analysis The reflective films should be installed on the side that receives the most incident solar radiation 
in summer since the window areas and the shading coefficients on all four sides are identical. The incident 
solar radiation at different windows in July are given to be (Table 16-20) 


Month 

Time 

2 

The daily total solar radiation incident on the surface, Wh/m 

North 

East 

South 

West 

July 

Daily total 

1621 

4313 

2552 

4313 


Therefore, the reflective film should be installed on the East or West windows (instead of the South 
windows) in order to minimize the solar heat gain and thus the cooling load of the building. 
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Infiltration Heat Load and Weatherizing 

16-115C The uncontrolled entry of outside air into a building through unintentional openings is called 
infiltration. It differs from ventilation in that ventilation is intentional and controlled whereas infiltration is 
unintentional and uncontrolled. Infiltration increases the heating loss in winter and the cooling load in 
summer since the air entering must be heated in winter and cooled in summer. Therefore, the warm air 
leaving the house represents energy loss. This is also the case for cool air leaving in summer since some 
electricity is used to cool that air. 


16-1 16C Air infiltration rate of a building can be determined by direct measurements by (1) injecting a 
tracer gas into a building and observing the decline of its concentration with time, or (2) pressurizing the 
building to 10 to 75 Pa gage pressure by a large fan mounted on a door or window, and measuring the air 
flow required to maintain a specified indoor-outdoor pressure difference. The larger the airflow to maintain 
a pressure difference, the more the building may leak. Sulfur hexafluoride (SF 6 ) is commonly used as a 
tracer gas because it is inert, nontoxic, and easily detectable at concentrations as low as 1 part per billion. 
Pressurization testing is easier to conduct, and thus preferable to tracer gas testing. 

The design infiltration rate determined at design conditions is used to size a heating or cooling 
equipment where as the seasonal average infiltration rate is used to properly estimate the seasonal energy 
consumption for heating or cooling. 


16-117C The infiltration unit ACH (air changes per hour) is defined as 

3 

Flow rate of outdoor air into the building (per hour) V (m /h) 

ACH — = — 

Internal volume of the building (/ (m ) 

Therefore, the quantity ACH represents the number of building volumes of outdoor air that infiltrates (and 
eventually exfiltrates) per hour. 

Too low and too high values of ACH should be avoided since too little fresh air will cause health 
and comfort problems such as the sick-building syndrome, which is experienced in super airtight buildings, 
and too much of it will waste energy. Therefore, the rate of fresh air supply should be just enough to 
maintain the indoor air quality at an acceptable level. 


16-1 18C The energy of the air vented out from the kitchens and bathrooms can be saved by installing an 
air-to-air heat exchanger (also called “economizer” or “heat recuperator”) that transfers the heat from the 
exhausted stale air to the incoming fresh air without any mixing. Such heat exchangers are commonly used 
in superinsulated houses, but the benefits of such heat exchangers must be weighed against the cost and 
complexity of their installation. 


16-1 19C The latent heat load of infiltration is not necessarily zero when the relative humidity of the hot 
outside air in summer is the same as that of inside air since 

^infiltration, latent = Po h . fg ( A CH)(V h uiiding )( w t ~ w 0 ) where w , ~ is the humidity ratio difference between 
the indoor and outdoor air, and w is higher at higher temperatures for the same relative humidity. 


16-120C The latent heat load of infiltration is necessarily zero when the humidity ratio w of the hot outside 
air in summer is the same as that of inside air since 0 ln fii trallonJatcm = Po h f g ( ACH WbuMm e )( w i ~ w o) =0 

when w t = w 0 . 
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16-121C Some practical ways of preventing infiltration in homes are (1) caulking that can be applied with 
a caulking gun inside and outside where two stationary surfaces such as a wall and a window frame meet 
and (2) weather-stripping with a narrow piece of metal, vinyl, rubber, felt or foam that seals the contact 
area between the fixed and movable sections of a joint. 


16-122C Yes, it is true that the infiltration rate and infiltration losses can be reduced by using radiant 
panel heaters since the air temperature can be lowered without sacrificing comfort, and the lower the 
temperature difference between the indoors and the outdoors the lower the infiltration loss. It is also true 
that radiant panels will increase the heat losses through the wall and the roof by conduction as a result of 
increased surface temperature if this turns out to be the case since heat conduction through the wall is 
proportional to the temperature difference across the wall. 


16-123E A winterizing project is to reduce the infiltration rate of a house from 2.2 ACH to 1.1 ACH. The 
resulting cost savings are to be determined. 

Assumptions 1 The house is maintained at 72°F at all times. 2 The latent heat load during the heating 
season is negligible. 3 The infiltrating air is heated to 72°F before it exfiltrates. 

Properties The gas constant of air is 0.3704 psia.ftVlbm-R (Table A- IE). The specific heat of air at room 
temperature is 0.24 Btu/lbm-°F (Table A-l IE). 

Analysis The density of air at the outdoor conditions is 

P 0 13.5 psia 


Po = 


RT 0 (0.3704 psia.ft 3 /lbm.R)(496.5 R) 


= 0.0734 lbm/ft 


The volume of the building is 

^building = (Floor area)(Height) = (3000 ft 2 )(9 ft) = 27,000 ft 3 



72°F 

2.2 ACH Infiltration 
36.5°F 


The reduction in the infiltration rate is 2.2 - 1.1 = 1.1 ACH. 

The sensible infiltration heat load corresponding to it is 

^infiltration, saved — P p (^^^saved X ^building 

= (0.0734 lbm/ft 3 )(0.24 Btu/lbm.°F)(l.l/h)(27,000 ft 3 )(72 -36.5)°F 
= 18,573 Btu/h = 0.18573 therm/h 


since 1 therm = 100,000 Btu. The number of hours during a six month period is 6x30x24 = 4320 h. Noting 
that the furnace efficiency is 0.65 and the unit cost of natural gas is $ 1.20/therm, the energy and money 
saved during the 6-month period are 

Energy savings = (g infl i tration , saved X No - of hours P er year)/Efficiency 
= (0. 18573 therm/h)(4320 h/year)/0.65 
= 1234 therms/year 


Cost savings = (Energy savings)(Unit cost of energy) 

= (1234 therms/year)($ 1 .20/therm) 

= $ 1480/year 

Therefore, reducing the infiltration rate by one-half will reduce the heating costs of this homeowner by 
$1480 per year. 
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16-124 Two identical buildings in Los Angeles and Denver have the same infiltration rate. The ratio of the 
heat losses by infiltration at the two cities under identical conditions is to be determined. 


Assumptions Both homes are identical and both are subjected to the same conditions except the 
atmospheric conditions. 


Analysis The sensible infiltration heat loss is given as 

Q infiltration — ^air c p — R o ) — P o, air (^4C7/)( ^building p i^i ~ R o ) 


Therefore, the infiltration heat loss is proportional to the 
density of air, and thus the ratio of infiltration heat losses at the 
two cities is simply the densities of outdoor air at those cities, 


Infiltration heat loss ratio = 


^infiltration, Los Angeles 
^infiltration, Denver 
{Po ^ -^^0 ) Los Angeles 
(Po /RT o) Denver 

101 kPa 


83 kPa 


= 1.22 


Po, air, Los Angeles 

Po, air, Denver 

p 

1 o, Los Angeles 

p 

0, Denver 


Therefore, the infiltration heat loss in Los Angeles will be 22% 
higher than that in Denver under identical conditions. 




16-125 Outdoor air at -10°C and 90 kPa enters the building at a rate of 35 L/s when the indoors is 
maintained at 22°C. The rate of sensible heat loss from the building due to infiltration is to be determined. 

Assumptions 1 The house is maintained at 22°C at all times. 2 The latent heat load is negligible. 3 The 
infiltrating air is heated to 22°C before it exfiltrates. 

Properties The gas constant of air is R = 0.287 kPa.m7kg-K (Table A-l). The specific heat of air at room 
temperature is c p = 1.0 kJ/kg-°C (Table A-l 1). 

Analysis The density of air at the outdoor conditions is 

P n 90 kPa 


Po = 


RT a (0.287 kPa.m 3 /kg.K)(-10 + 273 K) 


= 1.19 kg/m 


Then the sensible infiltration heat load corresponding to 
an infiltration rate of 35 L/s becomes 

^infiltration — Po*air c p( R i ~ R o) 

= (1.19 kg/m 3 )(0. 03 5 m 3 /s)( 1 .0 kJ/kg. °C) [22 - (- 1 0)]°C 

= 1.335 kW 



Therefore, sensible heat will be lost at a rate of 1.335 kJ/s due to infiltration. 
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16-126 The ventilating fan of the bathroom of an electrically heated building in San Francisco runs 
continuously. The amount and cost of the heat “vented out” per month in winter are to be determined. 

Assumptions 1 We take the atmospheric pressure to be 1 atm = 101.3 kPa since San Francisco is at sea 
level. 2 The house is maintained at 22°C at all times. 3 The infiltrating air is heated to 22°C before it 
exfiltrates. 


Properties The gas constant of air is R = 0.287 kPa.m 3 /kg-K 
(Table A-l). The specific heat of air at room temperature is c p 
= 1.0 kJ/kg-°C (Table A-ll). 

Analysis The density of air at the indoor conditions of 1 atm 
and 22°C is 


Po 


RT a 


(101.3 kPa) 

(0.287 kPa.m 3 /kg.K)(22 + 273 K) 


1.20 kg/m 3 


Then the mass flow rate of air vented out becomes 
m air = /?C/ air = (1-20 kg/m 3 )(0. 030 m 3 /s) = 0.036 kg/s 


Noting that the indoor air vented out at 22°C is replaced by 
infiltrating outdoor air at 12.2°C, this corresponds to energy 
loss at a rate of 



^loss by fan 


^air^p (^"indoors ^outdoors) 

= (0.036 kg/s)( 1.005 kJ/kg.°C)(22 - 12.2)°C = 0.355 kJ/s = 0.355 kW 


Then the amount and cost of the heat “vented out” per month ( 1 month = 30x24 = 720 h) becomes 

Energy loss = g lossby fan A/ = (0.355 kW)(720 h/month) = 256 kWh/month 

Money loss = (Energy loss)(Unit cost of energy) = (256 kWh/month)($0. 09/kWh) = $23.0/month 

Discussion Note that the energy and money loss associated with ventilating fans can be very significant. 
Therefore, ventilating fans should be used with care. 
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16-127 The infiltration rate of a building is estimated to be 1.2 ACH. The sensible, latent, and total 
infiltration heat loads of the building at sea level are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and 
exfiltrates at the indoor conditions. 3 Excess moisture condenses at 5°C. 4 The effect of water vapor on air 
density is negligible. 


Properties The gas constant and the specific heat of air are R = 
0.287 kPa.m 3 /kg.K and c p = 1.0 kJ/kg-°C (Tables A-l and A- 
15). The heat of vaporization of water at 5°C is 
hf g = h fg@ 5 ° c - 2490kJ/kg (Table A-9). The properties of the 

ambient and room air are determined from the psychrometric 
chart to be 


T 

x ambient 




ambient 


32° C 
50% 


f^ambient 


= 0.0150 kg/kg dry air 



T 

room 


0 


room 


= 24° C] 


= 50% 


>co 


room = 0.0093 kg/kg dry air 


Analysis Noting that the infiltration of ambient air will 
cause the air in the cold storage room to be changed 0.8 
times every hour, the air will enter the room at a mass 
flow rate of 



32°C 

50%rh 


R 


/^ambient 


101.325 kPa 


RT a (0.287 kPa.m 3 /kg.K)(32 + 273 K) 


= 1.16 kg/m 


m. in = /O am bient ^room A CH = (1. 16 kg/m 3 )(20 x 13 x 3 m 3 )(1.2 h _1 ) = 1085 kg/s = 0.3016 kg/s 


Then the sensible, latent, and total infiltration heat loads of the room are determined to be 

Q infiltration, sensible = '"air M^mbient -f oom ) = (0.3016 kg/ S )(1.0 kJ/kg.°C)(32 - 24)°C = 2.41 kW 
^infiltration, latent — "'airK.nb.ent “ ®room )* A = (0.3016 kg/s)(0.0150 - 0.0093) (2490 kj/kg) = 4.28 kW 
^infiltration, total — ^infiltration, sensible ^infiltration, latent — ^-41 + 4.28 — 6.69 k\V 


Discussion The specific volume of the dry air at the ambient conditions could also be determined from the 
psychrometric chart at ambient conditions. 
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Annual Energy Consumption 

16-128C Yes, it is possible for a building in a city to have a higher peak heating load but a lower energy 
consumption for heating in winter than an identical building in another city. This will be the case for a city 
with severe but relatively short heating seasons. 


16-129C No, we cannot determine the annual energy consumption of a building for heating by simply 
multiplying the design heating load of the building by the number of hours in the heating season. This is 
because the design heating load represents the heat loss under extreme conditions, not average conditions. 


16-130C No, as the manager of a large commercial building, I would not lower the thermostat setting in 
winter and raise it in summer by a few degrees. Although this practice will save energy and thus money, it 
may cost much more in reduced productivity. 


16-131C Taking the balance point temperature to be 18°C, as is commonly done, the number of heating 
degree-days for a winter day during which the average outdoor temperature was 10°C, and never went 
above 1 8°C, is determined to be 

DD X day = (^balance point “ ^daily average) ( 1 day) = (18 - 10)°C(1 day) = 8°C-day 


16-132C Taking the balance point temperature to be 18°C, as is commonly done, the number of heating 
degree-days for a winter month during which the average outdoor temperature was 12°C, and never rose 
above 1 8°C, is determined to be 

DD\ mont = (^balance point - T monthIy average )( 1 month) = (18 - 12)°C(30 days) = 180°C-day 

16-133C The °C-days are based on temperature differences, and Ar(°F) = 1.8A7X°C) for temperature 
differences. Therefore, we should not add 32 to the result. 


16-134C The outdoor temperature above which no heating is required is called the balance point 
temperature Jbaiance- The balance-point temperature is used in the determination of degree-days instead of 
the actual thermostat setting of a building since the internal heat generated by people, lights, and appliances 

in occupied buildings as well as the heat gain from the sun during the day, Q gain , will be sufficient to 
compensate for the heat losses from the building until the outdoor temperature drops below Tbaiance- 


16-135C It is proper to use the degree-day method to determine the annual energy consumption of a 
building under relatively steady conditions. The method is based on constant indoor conditions during the 
heating or cooling season, and it assumes the efficiency of the heating or cooling equipment is not affected 
by the variation of outdoor temperature. These conditions will be closely approximated if all the 
thermostats in a building are set at the same temperature at the beginning of a heating or cooling season, 
and are never changed, and a seasonal average efficiency is used (rather than the full-load or design 
efficiency) for the furnaces or coolers. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



16-61 


16-136 A person offers to his roommate in Syracuse, New York, to pay the heating bills during the 
upcoming year (starting January 1st) if he pays the heating bills for the current calendar year until Dec. 31. 
It is to be determined if this is a good offer. 

Assumptions The calculations are performed for an “average” year. 2 The time value of money is not 
considered. 

Properties The annual heating degree-days of Syracuse, NY, is 6756°F-days (Table 16-5). The monthly 
distribution of degree-days are 6, 28, 132, 415, 744, 1153, 1271, 1 140, 1004, 570, 248, and 45°F-days for 
July through June, respectively. 

Analysis It makes sense to accept this offer if the cost of heating before December 3 1 st is less than the cost 
of heating after December 3 1 st . The amount and cost of energy consumption of a building for heating is 
proportional to the heating degree days. For Syracuse, we have 

DDheating, before Dec. 3 1 6 + 28 + 132 + 415 + 744 + 1153 =2478°F-days (2478/6756 = 0.367) 

DD heating , after Dec . 31 = 1271 + 1 140 + 1 004 + 570 + 248 + 45 =4278°F-days (4278/6756 = 0.633) 

This is clearly a good offer for the roommate since 63.3% of the heating load occurs after December 3 1 st , 
and the proposer is offering to pay for it. Therefore, the offer should be accepted. 


16-137E A house whose design heat load is 83,000 Btu/h is heated by a high-efficiency natural gas 
furnace. The annual gas consumption of this house and its cost are to be determined. 

Assumptions IThe house is maintained at 70°F at all times during the heating season. 2 The calculations 
are performed for an “average” year. 


Properties The annual heating degree-days of Billing, Montana, is 7049°F-days (Table 16-5). The winter 
design temperature of Billing is given to be -10°F. 


Analysis The fuel (natural gas) consumption rate of the 
house for heating at design conditions is 


^design 


— — — — = 83l00 ° Btu/h = 87,368 Btu/h = 0.874 therm/h 

Cheating °-95 


Then the annual natural gas usage of the house and its cost can 
be determined from Eq. 16-48 to be 


Annual fuel Consumption = Cheating, year 


DD heating 
(Ti ~T 0 ) design 


Q 


design 


7049°F-day 

[70-(-10)]°F 


24 h ^ 

v 1 da y j 


(0.874 therm/h) 


= 1848 therms/year 


Outdoor winter 
design conditions 



and 


Annual fuel cost = (Annual fuel consumption)(Unit cost of fuel) 

= (1 848 therms/year)($ 1 . 1 0/therm) = $2033/year 


Therefore, it will cost $2033 per year to heat this house during an average year. 
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16-138 A decision is to be made between a cheaper but inefficient and an expensive but efficient air- 
conditioner for a building. 

Assumptions The two air conditioners are comparable in all aspects other than the initial cost and the 
efficiency. 

Analysis The unit that will cost less during its lifetime 
is a better buy. The total cost of a system during its 
lifetime (the initial, operation, maintenance, etc.) can be 
determined by performing a life cycle cost analysis. A 
simpler alternative is to determine the simple payback 
period. The energy and cost savings of the more 
efficient air conditioner in this case is 

Energy savings = (Annual energy usage of A) - (Annual energy usage of B) 

= (Annual cooling load)(l / COP A - 1 / COP B ) 

= (120,000 kWh/year)(l/3.2 -1/5.0) 

= 13,500 kWh/year 

Cost savings = (Energy savings)(Unit cost of energy) 

= (13,500 kWh/year)($0. 10/kWh) = $1350/year 

The installation cost difference between the two air-conditioners is 

Cost difference = Cost of B - cost of A = 7000 - 5500 = $1500 

Therefore, the more efficient air-conditioner B will pay for the $1500 cost differential in this case in about 
1 year. 

Discussion A cost conscious consumer will have no difficulty in deciding that the more expensive but 
more efficient air-conditioner B is clearly a better buy in this case since air conditioners last at least 15 
years. But the decision would not be so easy if the unit cost of electricity at that location was much less 
than $0. 10/kWh, or if the annual air-conditioning load of the house was much less than 120,000 kWh. 


120,000 kWh 


Air cond. A 
COP=3.2 



House 
1120,000 kWh 


Air cond. B 
COP=5.0 


‘ l 
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16-139 An industrial facility is to replace its 40-W standard fluorescent lamps by their 34-W high 
efficiency counterparts. The amount of energy and money that will be saved a year as a result of switching 
to the high efficiency fluorescent lamps as well as the simple payback period are to be determined. 

Analysis The reduction in the total electric power consumed by the lighting as a result of switching to the 
high efficiency fluorescent is 

Wattage reduction = (Wattage reduction per lamp)(Number of lamps) 

= (40 - 34 W/lamp)(700 lamps) 

= 4200 W 

Then using the relations given earlier, the energy and cost savings associated with the replacement of the 
high efficiency fluorescent lamps are determined to be 

Energy Savings = (Total wattage reduction)(Ballast factor)(Operating hours) 

= (4.2 kW)(l.l)(2800 h/year) 

~ 12,936 kWh/year 

Cost Savings = (Energy savings)(Unit electricity cost) 

= (12,936 kWh/year)($0. 08/kWh) 

= $1035 

The implementation cost of this measure is simply the 
extra cost of the energy efficient fluorescent bulbs 
relative to standard ones, and is determined to be 

Implementation Cost = (Cost difference of lamps)(Number of lamps) 

= [($2.26-$ 1 .77)/lamp](700 lamps) 

= $343 

This gives a simple payback period of 

t Implementation cost $343 _ .. . 

Simple payback period = = = 0.33 year (4.0 months) 

Annual cost savings $1035 /year 

Discussion Note that if all the lamps were burnt out today and are replaced by high-efficiency lamps 
instead of the conventional ones, the savings from electricity cost would pay for the cost differential in 
about 4 months. The electricity saved will also help the environment by reducing the amount of C0 2 , CO, 
NO x , etc. associated with the generation of electricity in a power plant. 
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16-140 The lighting energy consumption of a storage room is to be reduced by installing motion sensors. 
The amount of energy and money that will be saved as a result of installing motion sensor as well as the 
simple payback period are to be determined. 

Assumptions The electrical energy consumed by the ballasts is negligible. 

Analysis The plant operates 12 hours a day, and thus currently the lights are on for the entire 12 hour 
period. The motion sensors installed will keep the lights on for 3 hours, and off for the remaining 9 hours 
every day. This corresponds to a total of 9x365 = 3285 off hours per year. Disregarding the ballast factor, 
the annual energy and cost savings become 

Energy Savings = (Number of lamps)(Lamp wattage)(Reduction of annual operating hours) 

= (24 lamps)(60 W/lamp )(3285 hours/year) 

~ 4730 kWh/year 

Cost Savings = (Energy Savings)(Unit cost of energy) 

= (5,203 kWh/year)($0. 08/kWh) 

= $378/year 

The implementation cost of this measure is the sum of the 
purchase price of the sensor plus the labor, 

Implementation Cost = Material + Labor = $32 + $40 = $72 

This gives a simple payback period of 

t Implementation cost $72 

Simple payback period = : = 

Annual cost savings $378 / year 

= 0.19 year (2.3 months) 

Therefore, the motion sensor will pay for itself in about 2 months. 
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16-141 The existing manual thermostats of an office building are to be replaced by programmable ones to 
reduce the heating costs by lowering the temperature setting shortly before closing at 6 PM and raising it 
shortly before opening at 8 AM. The annual energy and cost savings as result of installing programmable 
thermostats as well as the simple payback period are to be determined. 

Assumptions 1 The ambient temperature remains below 7.2°C during the entire heating season (Nov. -Apr). 
This assumption will most likely be violated some days, and thus the result is optimistic. 2 The balance 
point temperature is 18°C so that no heating is required at temperatures above 18°C. 

Properties The annual heating degree-days for Reno, Nevada is given to be 3346°C-days. 

Analysis The energy usage for heating is proportional to degree days, and the reduction in the degree days 
due to lowering the thermostat setting to 7.2°C from about 6 PM to 8 AM for 10 h for everyday during the 
heating season for 180 days is 

Z)Z) reduction = (22 - 7.2)°C(10 h/day)(180 days) = 32,614°C-h = 1359°C-day 

which is 

Reno, NV 

Reduction fraction = ■ P^ reductlon . - 1359 C _ day s _ q 4 q^ ^ or 40 50 /^ 

^annual 3346°C-days 

Therefore, the energy usage for heating will be reduced by 40.6%. 

Then the reduction in the amount and cost of heating energy as a 
result of installing programmable thermostats become 

Energy Savings = (Reduction fraction)(Annual heating energy usage) 

= 0.406(3530 therms/year) = 1433 therms/year 

and 



Cost Savings = (Reduction fraction)( Annual heating bill) = 0.406($4060/year) = $1648/year 
The total implementation cost of installation of 5 programmable thermostats is 
Implementation Cost = 5x$325 = $1625 
This gives a simple payback period of 

Implementation cost $ 1 625 


Simple payback period 


= 0.986 year 


Annual cost savings $1648/ year 
Therefore, the programmable thermostats will pay for themselves during the first heating season. 
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16-142 A worn out standard motor is to be replaced by a high efficiency one. The amount of electrical 
energy and money savings as a result of installing the high efficiency motor instead of the standard one as 
well as the simple payback period are to be determined. 

Assumptions The load factor of the motor remains constant at 0.75. 

Analysis The electric power drawn by each motor and their difference can be expressed as 

^electric in, standard = ^shaft 1 bandar = (Power rating)(Load factor) / Standard 
^electric in, efficient — ^shaft ^ ^7e fficien — ( Power niting)( LOtld factor) / ^efficient 

Power savings = if electric in , standard ^electric in, efficient 

= (Power rating)(Load factor)[ 1 / 77 standard - 1 / ^efficient ] 

where r| s tandard is the efficiency of the standard motor, and r| e fficient is the 
efficiency of the comparable high efficiency motor. Then the annual energy 
and cost savings associated with the installation of the high efficiency motor 
are determined to be 

Energy Savings = (Power savings)(Operating Hours) 

= (Power Rating)(Operating Hours)(Load Factor)(l/rj standard- l/p efficient) 

= (75 hp)(0.746 kW/hp)(4,368 hours/year)(0.75)( 1/0.91 - 1/0.954) 

= 9,290 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (9,290 kWh/year)($0. 08/kWh) 

= $743/year 

The implementation cost of this measure consists of the excess cost the high efficiency motor over the 
standard one. That is, 

Implementation Cost = Cost differential = $5,520 - $5,449 = $71 
This gives a simple payback period of 

Implementation cost $71 



Simple payback period 


= 0.096 year (or 1 . 1 months) 


Annual cost savings $743 / year 
Therefore, the high-efficiency motor will pay for its cost differential in about one month. 
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16-143 The combustion efficiency of a furnace is raised from 0.7 to 0.8 by tuning it up. The annual energy 
and cost savings as a result of tuning up the boiler are to be determined. 

Assumptions The boiler operates at full load while operating. 

Analysis The heat output of boiler is related to the fuel energy input to 

Boiler output = (Boiler input)(Combustion efficiency) 

Gout — Gin V furnace 

The current rate of heat input to the boiler is given to be 
Gin, current = 3.8 x 10 6 Btu/h . Then the rate of useful heat output 
of the boiler becomes 

Gout = (Gin ^7 furnace ) current =(3.8xl0 6 Btu/h)(0.7) = 2.66x 10 6 

The boiler must supply useful heat at the same rate after the tune up. 

Therefore, the rate of heat input to the boiler after the tune up and the rate 
of energy savings become 

G in, new = Gout / V furnace, new = (2.66 xlO 6 Btu/h)/0.8 = 3.325 xlO 6 Btu/h 
Gin, saved = Q,n. current “Gin, new =3.8xl0 6 - 3.325 X 10 6 = 0.475 X 10 6 Btu/h 
Then the annual energy and cost savings associated with tuning up the boiler become 
Energy Savings = Q in saved (Operation hours) 

= (0.475xl0 6 Btu/h)(1500 h/year) = 712.5xl0 6 Btu/yr 

Cost Savings = (Energy Savings)(EFnit cost of energy) 

= (712.5xl0 6 Btu/yr)($4.35 per 10 6 Btu) = $3099/year 

Discussion Notice that tuning up the boiler will save $3099 a year, which is a significant amount. The 
implementation cost of this measure is negligible if the adjustment can be made by in-house personnel. 
Otherwise it is worthwhile to have an authorized representative of the boiler manufacturer to service the 
boiler twice a year. 
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16-144 The gas space heating of a facility is to be supplemented by air heated in a liquid-to-air heat 
exchanger of a compressor. The amount of money that will be saved by diverting the compressor waste 
heat into the facility during the heating season is to be determined. 

Assumptions The atmospheric pressure at that location is 1 atm. 

Analysis The mass flow rate of air through the liquid-to-air heat exchanger is 

Mass flow rate of air = (Density of air)(Average velocity)(Flow area) 

= (1.21 kg/m 3 )(3 m/s)(1.0 m 2 ) 

= 3.63 kg/s = 13,068 kg/h 

Noting that the exit temperature of air is 52°C, the rate at which heat can be recovered (or the rate at which 
heat is transferred to air) is 

Rate of Heat Recovery = (Mass flow rate of air)(Speciflc heat of air)(Temperature rise) 

= (13,068 kg/h)(1.0 kJ/kg.°C)(52 - 20)°C 
= 418,176 kJ/h 

The number of operating hours of this compressor during the heating season is 
Operating hours = (20 hours/day)(5 days/week)(26 weeks/year) = 2600 hours/year 
Then the annual energy and cost savings become 

Energy Savings = (Rate of Heat Recovery)(Annual Operating Hours)/Efficiency 
= (418,176 kJ/h)(2600 h/year)/0.8 
= 1,359,100,000 kJ/year 
= 12,882 therms/year 

Cost Savings = (Energy savings)(EFnit cost of energy saved) 

= (12,882 therms/year)($1.00/therm) 

= $ 12,882/year 

Discussion Notice that utilizing the waste heat from the 
compressor will save $12,882 per year from the heating costs. 

The implementation of this measure requires the installation of 
an ordinary sheet metal duct from the outlet of the heat 
exchanger into the building. The installation cost associated with 
this measure is relatively low. Several manufacturing facilities 
already have this conservation system in place. A damper is used 
to direct the air into the building in winter and to the ambient in 
summer. Combined compressor/heat-recovery systems are 

available in the market for both air-cooled (greater than 50 hp) Cool liquid 

water cooled (greater than 125 hp) systems. 
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16-145 An Atlanta family has moved to an identical house in Denver, CO where the fuel and electricity 
prices are the same. The annual heating cost of this family in their new house is to be determined. 

Assumptions Calculations are performed for an average year. 


Properties The annual heating degree-days are 2961°F-days for Atlanta, and 6283°F-days for Denver 
(Table 16-5). 


Solution The heating cost is proportional to the energy 
consumption, which is proportional to the degree-days. The 
ratio of the degree-days in the two cities is 

_ °C - days for Atlanta _ 6283°F - days _ 0 1 0 
°C - day for Denver 296 1°F- days 

Therefore, the heating load will increase by factor of 2. 12 in Denver. 
Then the annual heating cost of this new house in Denver becomes 



Annual heating cost in Denver = 2. 12x(Annual heating cost in Atlanta) = 2. 12($600/yr) = $1272 


16-146E The annual gas consumption and its cost for a house in Cleveland, Ohio with a design heat load of 
65,000 Btu/h and a furnace efficiency of 90% are to be determined. 

Assumptions The house is maintained at 72°F at all times during the heating season. 


Properties The annual heating degree-days of Cleveland, Ohio is 6351°F-days (Table 16-5). The 97.5% 
winter design temperature of Cleveland is 5°F. 

Analysis The overall heat loss coefficient A^ overa n of the building 
is determined from 


^design = UAAT design = UA(T { - To ) design ^overall (T, ~ T 0 ) 

design 


65,000 Btu/h 



_ 970 Btu/h. °F 
090 

= 1 643 therms 


(6351°F-days) 


f 24 h 1 

1 therm ^ 

1. 1 day ) 

[l00,000 Btu J 


Therefore, the house will consume 1643 therms of natural gas for heating. 
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16-147 A house in Boise, Idaho is heated by electric resistance heaters. The amount of money the home 
owner will save if she lowers the thermostat from 22°C to 14°C every night in December is to be 
determined. 


Assumptions 1 The house is maintained at 22°C during the day, and 14°C for 8 hours at night. 2 The 
efficiency of electric resistance heating system is 100%. 


Properties The annual heating degree-days of Cleveland, Ohio is 6351°F-days (Table 16-5). The 97.5% 
winter design temperature of Boise is given to be -12°C. 


Analysis The overall heat loss coefficient A overa ii of the building is determined from 


Gdesign - UAAT design - UA(T { - r o ) des i gn - ^overall (^i ) design 

Substituting, 

Gdesign 38 kw 


K 


overall 


<Ti-T 0 ) design [72 -(-12)]°C 
The rate at which energy is saved at night is 

^saved — -^reduction — ^overall^ ^reduction 

= (1.12 kW/°C)(22 - 1 4)°C = 8 .96 kW 


= 1.12 kW/°C 


38 kW 



Then the energy and cost savings in December due to lowering the thermostat becomes 
Energy savings = Q saved At = (8.96 kW)(3 1 x 8 h) = 2222 kWh 

Cost savings = (Energy savings)(Unit cost of eergy) = (2222 kWh)($0. 06/kWh) = $133 

Discussion Note that thermostat setback results in considerable savings in winter, and is commonly used in 
practice. 
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Review Problems 


16-148 A decision is to be made between a cheaper but inefficient and an expensive but efficient natural 
gas heater for a house. 


Assumptions The two heaters are comparable in all aspects other 
than the initial cost and efficiency. 

Analysis Other things being equal, the logical choice is the heater 
that will cost less during its lifetime. The total cost of a system 
during its lifetime (the initial, operation, maintenance, etc.) can be 
determined by performing a life cycle cost analysis. A simpler 
alternative is to determine the simple payback period. 

The annual heating cost is given to be $1 100. Noting that 
the existing heater is 60% efficient, only 60% of that energy (and 
thus money) is delivered to the house, and the rest is wasted due to 
the inefficiency of the heater. Therefore, the monetary value of the 
heating load of the house is 



Cost of useful heat = (60%)(Current annual heating cost) = 0.60x($l 100/yr)=$660/yr 


This is how much it would cost to heat this house with a heater that is 100% efficient. For heaters that are 
less efficient, the annual heating cost is determined by dividing $660 by the efficiency: 


82% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.82 = $805/yr 

95% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.95 = $695/yr 

Annual cost savings with the efficient heater = 805 - 695 = $110 
Excess initial cost of the efficient heater = 2700 - 1600 = $1100 


The simple payback period becomes 

. . . Excess initial cost $1100 

Simple payback period = : = = 10 years 

Annaul cost savings $110/ yr 


Therefore, the more efficient heater will pay for the $1100 cost differential in this case in 10 years, which 
is more than the 8-year limit. Therefore, the purchase of the cheater and less efficient heater is indicated in 
this case. 
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16-149 The convection heat transfer coefficient for a clothed person seated in moving air at a velocity of 
0.2 to 4 m/s is given by h = 8.3 V 0 6 where V is in m/s and h is in W/m 2 .°C. The convection coefficients in 
that range vary from 3.16 W/m 2 .°C at 0.2 m/s to 19.07 W/m 2 .°C at 4.0 m/s. Therefore, at low velocities, the 
radiation and convection heat transfer coefficients are comparable in magnitude. But at high velocities, the 
convection coefficient is much larger than the radiation heat transfer coefficient. 


Velocity, 

m/s 

h = 8.3 V 0 ' 6 
W/m 2 .°C 

0.0 

3.10 

0.20 

3.16 

0.5 

5.48 

1.00 

8.30 

1.5 

10.59 

2.0 

12.58 

2.5 

14.40 

3.0 

16.05 

3.5 

17.60 

4.0 

19.07 
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16-150 Workers in a casting facility are surrounded with hot surfaces. The velocity of air needed to provide 
comfort for the workers is to be determined. 


Assumptions 1 The average clothing and exposed skin temperature of the workers is 30°C. 2 The workers 
are standing in moving air. 

Properties The emissivity of the person is 0.95 (Table A- 15). The 
convection heat transfer coefficient for a standing man in air moving 
with a velocity V is given by h = 14.8 V 0 ' 69 where V is in m/s and h is 
in W/m 2 .°C (Table 16-3). 

Analysis The rate of sensible heat transfer from the 
person is 

Ggen, sensible = 0.5 X <2 gen , total = 0.5(300 W) = 150 W 

Under steady conditions, and energy balance on the 
body can be expressed as 


22°C 


F _ p + f - 0 
^in ^ out ' ^ gen u 


Q 


in, radiation 


-Q 


out, convection 


+ Q 


gen, sensible 


or 


£ A °( T L ~ person )~ h 


conv 


A (^person ^ambient 


= 0 


) + G 


gen, sensible 



0.95(1.8 m 2 )(5.67xl0' 8 W/m 2 • K 4 )[(40 + 273 K) 4 -(30 + 273 K) 4 ] 


-/z(1.8m 2 )(30-22)°C + 150 W = 0 


Solving the equation above for h gives 
h = 18.3 W/m 2 °C 

Then the velocity of air needed to provide comfort for the workers is determined from h = 14.8 V 0 ' 69 = 18.3 
to be 

V= 1.36 m/s 

Therefore, the velocity of air must be at least 1.36 m/s. 
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16-151 Switching to energy efficient lighting reduces the electricity consumed for lighting as well as the 
cooling load in summer, but increases the heating load in winter. It is to be determined if switching to 
efficient lighting will increase or decrease the total heating and cooling cost of the building whose annual 
heating load is roughly equal to the annual cooling load. 

Assumptions 1 The annual heating load of the building is 
roughly equal to the annual cooling load. 2 The light escaping 
through the windows is negligible so that the entire lighting 
energy becomes part of the internal heat generation. 

Analysis Consider 1 h of operation of lighting in summer and 1 
h of operation winter. 

Current lighting: 

Lighting cost: (Energy used)(Unit cost)= (2 kWh)($0. 08/kWh) = $0.16 
Increase in the air conditioning load: = 1 kWh 

Increase in the air conditioning cost: (Increase in load/COP)(unit cost)=(l 
kWh/3. 5)($0.08/kWh)=$0. 0229 

Decrease in the heating cost = (1/29.3 therm)($ 1.25/therm) = 0.0427 
Net cost of 1 h of operation of lighting in summer and 1 h of operation in winter is 

Current net cost = Cost of lighting - Cost of heating + Cost of Air-conditioning. 


- 


15W 



60W 


= 0.16-0.0427+0.0239 

= $ 0.14 


(a) Energy-efficient lighting (consumes l/4th of the electricity for the same lighting) 

Lighting cost: (Energy used)(Unit cost)= (0.5 kWh)($0. 08/kWh) = $0.04 
Increase in the air conditioning load: = 0.25 kWh 

Increase in air conditioning cost: (Increase in load/COP)(unit cost)=(0.25 kWh/3. 5)($0. 08/kWh) = $0.0057 

Decrease in the heating cost = (0.25/29.3 therm)($ 1.2 5/therm) = $0.0107 

Net cost of 1 h of operation of lighting in summer and 1 h of operation in winter is 

Current net cost = Cost of lighting - Cost of heating + Cost of Air-conditioning. 

= 0.04-0.0057+0.0107 
= $ 0,045 


Therefore, the energy efficient lighting will reduce the total energy usage and cost of this family 
considerably. 
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16-152 The outer surfaces of the walls of a brick farmhouse are exposed to 24 km/h winds. The rate of heat 
transfer through a 20-m section of the wall is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 
Thermal properties of the wall and the heat transfer coefficients are constant. 

Properties The R- values of different materials are given in Table 16-10. 

Analysis The schematic of the wall as well as the different elements used in its construction are shown 
below. Heat transfer through the insulation and through the studs will meet different resistances, and thus 
we need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and 
the (/-factors for the insulation and stud sections are available, the overall average thermal resistance for 
the entire wall can be determined from 


/^overall 1 /(/overall where (/overall (f(/area )insulation ^(ff/area )stud 


and the value of the area fraction / area is 0.80 for insulation section 
and 0.20 for stud section since the headers that constitute a small 
part of the wall are to be treated as studs. Using the available R- 
values from Table 16-10 and calculating others, the total R- values 
for each section is determined in the table below. 


Construction 

.K-value, 

m 2 .°C/W 

1. Outside surface, 24 km/h winds 

0.030 

2. Common brick, 200 mm 

0.12x2 =0.24 

3. Inside surface, still air 

0.12 

TOTAL 

0.39 



Indoors 

-5°C 



Then the (/-factor of the wall after the rate of heat transfer through the wall become 
U wa ii = 1 / fi wall = 1 / 0.39 = 2.56 m 2 • °C/W 

G W aii =£/A(r,.-7;)=(2.56W/m 2 •°C)(20m 2 )[20-(-5)°C] = 1280 W 
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16-153E The R-v alue and the ^/-factor of a 45° pitched roof are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the roof is one-dimensional. 3 
Thermal properties of the roof and the heat transfer coefficients are constant. 

Properties The R-values of different materials are given in Table 16-10. 

Analysis The schematic of the pitched roof as well as the different elements used in its construction are 
shown below. Using the available /^-values from Table 16-10, the overall /lvalue of the roof can be 
determined as shown in the table below. 


Construction 

ft- value, h.ft 2 .°F/Btu 

Between 

studs 

At studs 

1. Outside surface, 15 mph wind 

0.17 

0.17 

2. Asphalt shingle roofing 

0.44 

0.44 

3. Building paper 

0.10 

0.10 

4. Plywood deck, 5/8 in 

0.78 

0.78 

5a. Reflective air space, 3.5-in 

2.17 

— 

5b. Wood stud, 2 in by 4 in 

— 

3.58 

6. Gypsum wallboard, 0.5 in 

0.45 

0.45 

7. Inside surface, still air 

0.63 

0.63 



Total unit thermal resistance of each section, R 

4.74 

6.15 

The U-factor of each section, U = 1 /R, in Btu/h.ft 2 .°F 

0.211 

0.163 

Area fraction of each section ,/ area 

0.80 

0.20 

Overall U-factor, U = Z/ area ,iUj = 0.80x0.211+0.20x0.163 

0.201 Btu/h.ft\°F 

Overall unit thermal resistance, R = l/U 

4.97 h.ft 2 .°F/Btu 


Therefore, the /lvalue and U-factor of the roof are R = 4.97 h.ft 2 .°F/Btu and U — 0.201 Btu/h.ft 2 .°F 


16-154 Heat losses through the windows of a house with aluminum frame single pane windows account for 
26 percent of the total. The reduction in the heat load of the house as a result of switching to vinyl frame 
double pane windows is to be determined. 

Properties The ^/-factors of the aluminum frame single pane and vinyl frame double pane windows are 
7.16 and 2.74 W/m 2 .°C, respectively. 

Analysis The rate of heat transfer through the windows for the existing house is 

^window, old = (Fraction of heat loss through windows) 2 house total = 0.26 x (32 kW) = 8.32 kW 


Then the rate of heat transfer through the new windows becomes 


Q window, new 
Q window, old 

which gives 


U old AAT 


2wi 


u 


new 


2.74 


window, new 


jj (^window, old ~ 
U old 


(8.32 kW) =3.19kW 


Therefore, the reduction in the heat load of the house is 

(^reducdtion — 0 window, old — window, new — 8.32 — 3.19 — 5.13 kW 


OLD 


Single 

pane 

— ► 


NEW 


Double 

pane 


Discussion Note that the heat load from the house will go down by 16% since 5. 13/32 = 0.16. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 


16-77 


16-155 The attic of a house in Thessaloniki, Greece is not vented in summer. The rate of heat gain 
through the roof in late July is to be determined assuming the roof is (a) light colored and (b) dark colored. 

Assumptions 1 Steady operating conditions exist. 2 Thermal properties of the roof and the heat transfer 
coefficients are constant. 3 The effect of air infiltration on the attic temperature is negligible (this will 
result in a higher rate of heat transfer than actual). 4 The sol-air temperature for a horizontal surface can be 
used for the tilted roof. 


Properties The R-v alues of the roof and the ceiling are given to be 1.4 m .°C/W and 0.50 m“.°C/W, 
respectively. 

Analysis Noting that the roof-to-ceiling area ratio is 1.4, the thermal resistance of the roof-attic-ceiling 
combination per unit area of the ceiling is 


^total ^ceiling 


f A X 
ceiling 


V 


A 


roof 


R 


roof 


/ 


= 0.50 + j 1.40 = 1.50 m 2 -°CA V 


(a) The house is located at 40°N latitude, and thus 
we can use the sol-air temperature data directly from 
Table 16-7. At 16:00, the tabulated sol-air 
temperatures for a light-colored horizontal surface is 
42.7°C. Also, the tabulated air temperature is 34.7° 
C, which is 2.7°C higher than the air temperature 
given in the problem. But we can still use the data in 
that table provided that we subtract 2.7°C from all 
temperatures. Therefore, the sol-air temperature on 
the roof in this case is 42.7 - 2.7 = 40.0°C, and the 
heat gain through the roof is determined to be 


Qroof, light color ^sol-air, light color ^inside) 

T —T 

sol-air, light color inside 

R 



ceiling 


23°C 


(b) The tabulated sol-air temperatures for a dark-colored horizontal surface is 54.7°C. Therefore, the sol- 
air temperature on the roof in this case is 54.7 - 2.7 = 52.0°C, and the heat gain through the roof is 
determined to be 


2 roof, dark color = UA(T sol -air, dark color ^inside ) 


, ^sol-air, darh color ^inside /i ca 2\ (52 23) C 

— /a — 1 1 o m j 


R 


1.50 m 2 -°C/W 


= 2900 W 


Discussion Note that the color of the exposed surface of the roof has a major effect on the rate of heat gain 
through the roof. 
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16-156 The peak heat loss from a below grade basement in Norfolk, Virginia to the ground through its 
walls and floor is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The basement is maintained at 17°C. 


Properties The winter average temperature of Norfolk 
is 9.9°C (Table 16-5). The heat transfer coefficients are 
given in Table 16- 14a, and the amplitudes in Fig. 16-37 

Solution The floor and wall areas of the basement are 


A waii = Height x Perimeter = 2x(1.8 m)(10 + 19m) = 104.4 m 2 

A floor = Length x Width = (10 m)( 1 9 m) = 1 90 m 2 

The amplitude of the annual soil temperature is 
determined from Fig. 16-37 to be 10°C. Then the 
ground surface temperature for the design heat loss 
becomes 

T —T — 4=99 — 10 = -0 1 °r 

ground surface winter, mean v^.xv^ 


1.8m 



Insulation 

'Wall 


0.9 m 17°C 
Basement 



The top 0.9-m section of the wall below the grade is insulated with R-0J3 , and the heat transfer 
coefficients through that section are given in Table 16- 14a to be 2.87and 2.20 W/m .°C through the 1st and 
2nd 0.3-m wide depth increments, respectively. The heat transfer coefficients through the uninsulated 
section of the wall which extends from 0.6 m to 1.8 m level is determined from the same table to be 2.93, 
2.23, 1.80, and 1.50 W/m .°C for each of the remaining 0.3-m wide depth increments. The average overall 
heat transfer coefficient is 


U 


Z" 


wall 


2.87 + 2.20 + 2.93 + 2.23 + 1.8 + 1.5 


wall, ave 


No. of increments 


= 2.255 W/m 2 . °C 


Then the heat loss through the basement wall becomes 


Gbasement walls U wa ll, ave -^wall (^basement Aground surface ) 


= (2.255 W/m 2 •°C)(104.4m 2 )[17-(-0.1)°C] = 4026 W 


The shortest width of the house is 10 m, and the depth of the foundation below grade is 1.8 m. The 

2 

floor heat transfer coefficient is determined from Table 16- 14b to be 0.12 W/m .°C. Then the heat loss 
through the floor of the basement becomes 


G basement floor ^ floor ^ floor (^basement Aground surface ) 


= (0.12 W/m 2 ,°C)( 104.4 m 2 )[ 1 7 - (-0.1)]°C = 390 W 


which is considerably less than the heat loss through the wall. The total heat loss from the basement is then 
determined to be 


Gbasement Gbasement wall G basement floor 4026 + 390 4416 W 

Discussion This is the design or peak rate of heat transfer from below-grade section of the basement, and 
this is the value to be used when sizing the heating system. The actual heat loss from the basement will be 
much less than that most of the time. 
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16-157 A house with a concrete slab floor sits directly on the ground at grade level, and the wall below 
grade is insulated. The heat loss from the floor at winter design conditions is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C. 3 The weather in 
Anchorage is severe. 


Properties The 97.5% winter design conditions in Anchorage is -28°C (Table 16-4). The heat transfer 
coefficient for the insulated wall below grade is U— 0.86 W/m.°C (Table 16-14c). 


Solution Heat transfer from a floor on the ground at the grade 
level is proportional to the perimeter of the floor, and the 
perimeter in this case is 

p fl oor = 2 x (Length + Width) = 2(15 + 20) m = 70 m 


Then the heat loss from the floor becomes 


Q 


floor 


^ floor P floor (^indoor ^outdoor ) 

= (0.86 W/m • °C)(70 m)[22 - (-28)]°C = 2890 W 


Discussion This is the design or peak rate of heat transfer from 
below-grade section of the basement, and this is the value to be 
used when sizing the heating system. The actual heat loss from 
the basement will be much less than that most of the time. 



16-158 A house with a concrete slab floor sits directly on the ground at grade level, and the wall below 
grade is uninsulated. The heat loss from the floor at winter design conditions is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C. 3 The weather in 
Anchorage is severe. 


Properties The 97.5% winter design conditions in Baltimore is -28°C (Table 16-4). The heat transfer 
coefficient for the uninsulated wall below grade is U = 1.17 W/m.°C (Table 16-14c). 


Analysis Heat transfer from a floor on the ground at the 
grade level is proportional to the perimeter of the floor, and 
the perimeter in this case is 

p floor = 2 x (Length + Width) = 2(15 + 20) m = 70m 
Then the heat loss from the floor becomes 


Gfloor “ ^ floor Pf\ oor ( ^indoor -^outdoor ) 

= (1.17 W / m-° C)(70 m)[22 - (-28)]° C = 3931 W 


Discussion This is the design or peak rate of heat transfer from 
below-grade section of the basement, and this is the value to be 
used when sizing the heating system. The actual heat loss from 
the basement will be much less than that most of the time. 
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16-159 The classrooms and faculty offices of a university campus are not occupied an average of 4 hours a 
day, but the lights are kept on. The amounts of electricity and money the campus will save a year if the 
lights are turned off during unoccupied periods are to be determined. 

Analysis The total electric power consumed by the lights in the classrooms and faculty offices is 
^lighting, classroom = (Power consumed per lamp) x (No. of lamps) = (200 x 1 2 x 1 1 0 W) = 264,000 = 264 kW 
^lighting, offices = (Power consumed per lamp) x (No. of lamps) = (400 x 6 x 1 1 0 W) = 264,000 = 264 kW 

^lighting, total — ^lighting, classroom ^lighting, offices — ^64 + 264 — 528 kW 

Noting that the campus is open 240 days a year, the total number of unoccupied work hours per year is 
Unoccupied hours = (4 hours/day)(240 days/year) = 960 h/yr 
Then the amount of electrical energy consumed per year during unoccupied work period and its cost are 

Energy savings = (E lighting classroom )(Unoccupied hours) = (528 kW)(960 h/yr) = 506,880 kWh 
Cost savings = (Energy savings)(Unit cost of energy) = (506,880 kWh)($0. 075/kWh) = $38,016/yr 
Discussion Note that simple conservation measures can result in significant energy and cost savings. 


16-160E The infiltration rate of a building is estimated to be 0.8 ACH. The sensible, latent, and total 
infiltration heat loads of the building at sea level are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and 
exfiltrates at the indoor conditions. 3 Excess moisture condenses at 40°F. 4 The effect of water vapor on air 
density is negligible. 

Properties The gas constant and the specific heat of air are R = 0.3704 psia.ft 3 /lbm.R and C p = 0.24 

Btu/lbm- °F (Tables A- IE and A-l IE). The heat of vaporization of water at 40°F is 

hf g = hf g @ 40 ° f “ Btu/lbm (Table A-9E). The properties of the ambient and room air are determined 



^infiltration, sensible = '«air c p (fmtbicnt ~ T r oo m ) = 076 lbm/h)(0.24 Btu/lbm.°F)(82 - 74)°F = 337 Btu/h 
einfiltration,latent = '»air (^ambient ~ ®room ) h fg = (176 lbm/h)(0.094 - 0.073) (1071 Btu/lbm) = 3952 Btu/h 


(^infiltration = Cinfiltration.sensible + 6 infiltration, latent = 3952 + 337 = 4289 Btu/h 

Discussion The specific volume of the dry air at the ambient conditions could also be determined from the 
ideal gas relation, t/ = RT IP- (0.3704psia-ft 3 /lbm-R)(82 + 460R)/14.7 psia = 13.7 ft 3 / lbm. 
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16-161 It is believed that January is the coldest month in the Northern hemisphere. On the basis of Table 
16-5, it is to be determined if this is true for all locations. 

Analysis Degree-days is a measure of coldness of a location. We notice from Table 16-5 that in Atlanta, 
Georgia the heating degree-days are 648°F-days in December and 636°F-days in January. Therefore, 
January is not necessarily the coldest month in Northern Hemisphere. 


16-162 The December space heating bill of a fully occupied house is given. The heating bill of this house 
is to be determined if it were not occupied. 

Assumptions The outdoors temperature never rises above 18°C in January. 

Properties The heating degree-days for Louisville, Kentucky for the month of January is 890°F-days 
(Table 16-5). It is equivalent to 890/1.8 = 494°C-days. 

Analysis The degree-days method is based on the assumption that 
the internal heat gain can meet the heating needs of a house when 
the outdoors temperature is above 18°C. Therefore, for an indoor 
temperature of 22°C, the number of degree-days that correspond to 
the temperature range of 1 8 to 22°C is 

DD internal =(22-18) °C(31 days) = 124°C-days 

Then the total °C-days for an unoccupied building becomes 

DD total = DD standard + DD intema i= 494+124 = 618°C-days 

Noting that 618/494 = 1.251, we conclude that the number of heating degree-days and thus the heating bill 
in January will increase by 25.1%. Therefore, the January heating bill for the unoccupied house will be 

Heating bill of unoccupied house = 1.251x(Heating bill of occupied house) 

= 1 .25 1 x$ 1 10 = $138 

Discussion Note that the heating bill of this house will increase by 25.1% in the absence of any internal 
heat gain. 
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16-163 The annual gas consumption and its cost for a house in Charlotte, NC with a design heat load of 28 
kW and a furnace efficiency of 80% are to be determined. 

Assumptions The house is maintained at 22°C at all times during the heating season. 

Properties The annual heating degree-days of Charlotte, NC is 3191°F-days (Table 16-5). It is equivalent 
to 3191/1.8 = 1773°C-days. The 97.5% winter design temperature of Charlotte is -6°C. 

Analysis (a) The overall heat loss coefficient A^ overall of the building is determined from 


^design = UAAT iesiga = m UA(Ti f o ) design ^overall (Ti~T 0 ) 

design 

Substituting, 28 kW 



= 1 .915 x 10 8 =1815 therms (since 1 therm = 105,500 kJ) 

Then the annual heating cost becomes 

Annual heating cost = (Annual energy consumption)(Unit cost of energy) 

= (1815 therms/year)($ 1 .20/therm) = $2178/year 

Therefore, it will cost $2178 per year to heat this house. 


16-164 .... 16-171 Computer, Design, and Essay Problems 
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Chapter 17 

REFRIGERATION AND FREEZING OF FOODS 

Control of Microorganisms in Foods 

17-1C The common kinds of microorganisms are bacteria, yeasts, molds, and viruses. The undesirable 
changes caused by microorganisms are off-flavors and colors, slime production, changes in the texture and 
appearances, and the spoilage of foods. 


17-2C Microorganisms are the prime cause for the spoilage of foods. Refrigeration prevents or delays the 
spoilage of foods by reducing the rate of growth of microorganisms. Freezing extends the storage life of 
foods for months by preventing the growths of microorganisms. 


17-3C The environmental factors that affect of the growth rate of microorganisms are the temperature, the 
relative humidity, the oxygen level of the environment, and air motion. 


17-4C Cooking kills the microorganisms in foods, and thus prevents spoilage of foods. It is important to 
raise the internal temperature of a roast in an oven above 70°C. since most microorganisms, including some 
that cause diseases, may survive temperatures below 70°C. 


17-5C The contamination of foods with microorganisms can be prevented or minimized by (1) preventing 
contamination by following strict sanitation practices such as washing hands and using fine filters in 
ventilation systems, (2) inhibiting growth by altering the environmental conditions, and (3) destroying the 
organisms by heat treatment or chemicals. 

The growth of microorganisms in foods can be retarded by keeping the temperature below 4°C and 
relative humidity below 60 percent. Microorganisms can be destroyed by heat treatment, chemicals, 
ultraviolet light, and solar radiation. 


17-6C (a) High air motion retards the growth of microorganisms in foods by keeping the food surfaces 
dry, and creating an undesirable environment for the microorganisms, (b) Low relative humidity (dry) 
environments also retard the growth of microorganisms by depriving them of water that they need to grow. 
Moist air supplies the microorganisms with the water they need, and thus encourages their growth. 

Relative humidities below 60 percent prevent the growth rate of most microorganisms on food surfaces. 
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Refrigeration and Freezing of Foods 

17-7C Both freezing and chilling injury refers to the tissue damage that occurs in fruits and vegetables 
when they are exposed to low temperatures for a long time. However, freezing injury occurs at subfreezing 
temperatures whereas chilling injury occurs at above freezing temperatures. 


17-8C The rate of freezing affects the size and number of ice crystals formed in foods during freezing. 
During slow freezing, ice crystals grow to a large size, damaging the walls of the cells and causing the loss 
of natural juices and sagging of foods. During fast freezing, a large number of ice crystals start forming at 
once, and thus the size of ice crystals is much smaller than that in slow freezing, causing minimal damage. 
Also, fast freezing forms a crust on the outer layer of the food product that prevents dehydration, and keeps 
all the flavoring agents sealed in foods. 


17-9C The loss of moisture from fresh fruits and vegetables is called transpiration. A lettuce has a higher 
transpiration coefficient than an apple since the lettuce losses its moisture much faster than the apple in the 
same environment. 


17-10C The mechanisms of heat transfer involved during the cooling of fruits and vegetables by 
refrigerated air are convection, radiation, and evaporation. 


17-1 1C The four primary methods of freezing of foods are air-blast freezing, contact freezing, immersion 
freezing, and cryogenic freezing. 


17-12C Air-blast freezing involves the blowing of high velocity air at about -30°C over the food products, 
and thus heat transfer from the foods to the metal plates by convection. In contact freezing, on the other 
hand, the food is sandwiched between two metal plates, and heat is transferred from the food to the cold 
metal plates by conduction. 


17-13C Cryogenic freezing is the freezing of foods by dropping them into a cryogenic fluid bath such as 
liquid nitrogen or liquid (or solid) carbon dioxide. The typical temperature for cryogenic freezing is about - 
195°C. Immersion freezing also involves the freezing of foods by dropping them into a fluid at sub freezing 
temperature, but the fluid temperature in this case is much higher (such as brine at -20°C). 


17-14C Air-blast freezing is much more likely to cause dehydration in foods since the vapor pressure in air 
is usually much lower than the vapor pressure in food, and this vapor pressure difference will tend to drive 
moisture out of foods. Cryogenic freezing, on the other hand, will immediately form a crust at the outer 
layer of the food, that will seal moisture in. 
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17-15 The center temperature of potatoes is to be lowered to 6°C during cooling. The cooling time and if 
any part of the potatoes will suffer chilling injury during this cooling process are to be determined. 
Assumptions 1 The potatoes are spherical in shape with a radius of r 0 = 3 cm. 2 Heat conduction in the 
potato is one-dimensional in the radial direction because of the symmetry about the midpoint. 3 The 
thermal properties of the potato are constant. 4 The heat transfer coefficient is constant and uniform over 
the entire surface. 5 The Fourier number is t > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of potatoes are given to be k = 0.50 W/m°C 
and a = 0.1 3x1 O' 6 m 2 /s. 

Analysis The time required to cool the midsection of the potatoes to T 0 = 6°C is determined from the one- 
term solution relation for spheres presented in Chap. 4. First we find the Biot number: 


B, = K 


(19 W/m 2 .°C)(0.03 m) 


= 1.14 


k 0.5 W/m.°C 

From Table 4-2 we read, for a sphere, = 1.635 and^ = 1.302. 
Substituting these values into the one-term solution gives 


T -T 

n o co a „ 

u c\ — — A\ e 


-Air 


-> 


T; ~T 


CO 


6-2 

25-2 


= 1.3026? 


-(1.635) 2 r 


-> T = 0.753 


which is greater than 0.2 and thus the one-term solution is applicable. 
Then the cooling time becomes 


at 


T = 


— ^ t — 


< _ (0.753)(0.03 m) 2 
a 0.13xl0’ 6 m 2 / s 


= 5213 s = 1.45 h 


The lowest temperature during cooling will occur on the surface (r/r 0 = 1), and is determined to be 

T(r)-T x _tf T sin(V/r 0 ) ^ T ( r o )~ T «, „ sin (V 0 ' r a ) T 0 ~T X sin(V 0 / r a ) 

= A x e 1 > = t/f) = 

m m 1 n / m m V/ si / m m n / 


T; -T, 


co 


X x r / r t 


T, —T r 


oo 


Vo lr c 


T. - T, 


oo 


'k r o lr o 


Substituting, 

T{r 0 )-2 6-2 sin(1.635 rad) 


-> T(r a ) = 4.44°C 


25-2 25-2 1.635 

which is above the temperature range of 3 to 4°C for chilling injury for potatoes. Therefore, no part of the 
potatoes will experience chilling injury during this cooling process. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 
k 0.50W/m.°C 


1 

Bi 


hr. 


2 o 


= 0.877 


T -T 

O CO 


T: -T 


(19W/m . C)(0.03m) 
6 - 2 =0.174 


CO 


25-2 

2 


at 

>T = = 0.75 


(Fig. 4 -17a) 


Therefore, 


t = 


rr 0 z (0.75)(0.03) 


a 0.13xl0 _6 m 2 / s 


= 5192s = 1.44 h 


The surface temperature is determined from 
Bi hr ■ 


= 0.877 


21 = i 


T{r)~ T a _ 

To ^oo 


= 0.6 (Fig. 4 -17b) 


which gives T surface = + 0.6(7; - ) = 2 + 0.6(6 - 2) = 4.4°C 

The slight difference between the two results is due to the reading error of the charts. 
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17-16E The center temperature of oranges is to be lowered to 40°F during cooling. The cooling time and if 
any part of the oranges will freeze during this cooling process are to be determined. 

Assumptions 1 The oranges are spherical in shape with a radius of r Q =1.25 in = 0.1042 ft. 2 Heat 
conduction in the orange is one-dimensional in the radial direction because of the symmetry about the 
midpoint. 3 The thermal properties of the orange are constant. 4 The heat transfer coefficient is constant 
and uniform over the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate 
solutions (or the transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of oranges are given to be k = 0.26 Btu/hft°F 
and a = 1.4x1 O' 6 ft 2 /s. 

Analysis The time required to cool the midsection of the oranges to T 0 = 40°F is determined from the one- 
term solution relation for spheres presented in Chap. 4. First we find the Biot number: 


Bi = 


hr 0 

k 


(4.6 Btu/h.ft 2 .°F)(1.25/12 ft) 
0.26 Btu/h.ft.°C 


1.843 


From Table 4-2 we read, for a sphere, \\ = 1.9569 and^ = 1.447. 
Substituting these values into the one-term solution gives 



T -T 

X O OO 

T -T 

± l i CO 



40-25 

78-25 


1.447e- (L9569)2r 


-> t = 0.426 


which is greater than 0.2 and thus the one-term solution is applicable. 
Then the cooling time becomes 


T = 


at 


— ^ t — 


< _ (0.426)(1.25 /12 ft)- 
a 1.4xl0" 6 ft 2 /s 


= 3302 s = 55.0 min 


The lowest temperature during cooling will occur on the surface (r lr G 

T(r)-T 0 c sin(V/r 0 ) , T(r 0 )-T x sin(A,r 0 / r 0 ) 

= Ai e 1 » = c/ n 

m m 1 n / m m \J / 


T; ~T, 


CO 


A x r/r ( 


T; -L 


OO 


Vo /r c 


1), and is determined to be 
Tq-T x sin(/li r 0 /r 0 ) 
T;-T x A x r 0 !r 0 


Substituting, 

T{r^)-25 _ 40-25 sin(1.9569 rad) 

78-25 78-25 1.9569 Vo 


which is above the freezing temperature of 3 1°C for oranges . Therefore, no part of the oranges will freeze 
during this cooling process. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 

1 k 0.26Btu/h.ft.°F 


Bi hr G (4.6Btu/h.ft 2 .°F)( 1.25/12 ft) 
40-25 


= 0.543 


T -T 

x O OO 


T; 


CO 


78-25 

2 


= 0.283 


at 

= = 0.43 


(Fig.4-17a) 


Therefore, 


t = 


Tr° (0.43)(1.25/12ft) 


a 


1.4xl0 _6 ft 2 /s 


= 3333^ = 55.5 min 


The lowest temperature during cooling will occur on the surface (r/r 0 =l) of the oranges is determined to be 


— = — = 0.543 
Bi hr„ 


= 1 


T{r)-T„ 

T 0 ~T X 


= 0.45 (Fig.4-17b) 


which gives 

T surface = ^ + 0.45(J o - TJ = 25 + 0.45(40 - 25) = 3 1 ,8°F 
The slight difference between the two results is due to the reading error of the charts. 
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17-17 The center temperature of a beef carcass is to be lowered to 4°C during cooling. The cooling time 
and if any part of the carcass will suffer freezing injury during this cooling process are to be determined. 
Assumptions 1 The beef carcass can be approximated as a cylinder with insulated top and base surfaces 
having a radius of r 0 = 12 cm and a height of H = 1.4 m. 2 Heat conduction in the carcass is one- 
dimensional in the radial direction because of the symmetry about the centerline. 3 The thermal properties 
of the carcass are constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 
The Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient temperature 
charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of carcass are given to be k = 0.47 W/m°C and 
a = 0.13xl0' 6 m 2 /s. 


Analysis The time required to cool the midsection of the carcass to T 0 = 6°C is determined from the one- 
term solution relation for spheres presented in Chap. 4. First we find the Biot number: 

Ei K (22 W/m 2 ,°C)(Q. 12 m) g ^ 

1 k 0.47 W/m.°C 


From Table 4-2 we read, for a cylinder, = 2.027 and^ = 1.517. 
Substituting these values into the one-term solution gives 



T -T 

J O J 00 

T- -T 

J l i oo 


= A, 


-Ah 


4 -(- 6 ) 
37 -(-6) 


1.517e 


-(2.027) 2 r 


-> r = 0.456 


which is greater than 0.2 and thus the one-term solution is applicable. 
Then the cooling time becomes 


at 


T = 


— ^ t — 


TTp _ (0.456)(0.12 m) 2 
a 0.13xl0" 6 m 2 / s 


= 50,5 10 s = 14.0 h 


The lowest temperature during cooling will occur on the surface (r !r 0 = 1), and is determined to be 
T(r)-T x -%r T ,i , x ++)- + nT ,, , , T 0 -T x 

— — —= A \e Jo(A r / r — - — = #o • / o('W'' 0 ) = - — — J o(A r o /r o) 


T: - T . 


00 


T; -Z 


00 


t ; - t : 


oo 


Substituting, 

r ( ; °)-(-6) = 4 ~ ( ^ 6) j n ) = 0.2326x0.2084 = 0.0485 -> T(r n ) = - 3.9°C 
37 -(-6) 37 -(-6) 


which is below the freezing temperature of -1.7°C. Therefore, the outer part of the beef carcass will freeze 
during this cooling process. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 

1 k 0.47W/m.°C 


Bi hr r 


T -T 

O 00 


(22 W/m 2 . 0 C)(0. 12m) 
4 -(- 6 ) 


= 0.178 


Ti-T* 37 -(-6) 


= 0.23 


at A ^ 

> r = — — = 0.4 


Therefore, t = 


rr 0 2 (0.4)(0.12 m) 


a 


0.13xl0' 6 m 2 /s 


= 44,308s s12.3h 


The surface temperature is determined from 
J___k_ 

Bi hr., ! T(r)-T x 


— = 1 


T -T 

X O 00 


= 0.17 (Fig.4-16) 


(Fig.4-16) 


which gives T surface = +0.17(7, -7,) = -6 + 0.17[4-(-6)] = -4.3°C 

The slight difference between the two results is due to the reading error of the charts. 
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17-18 The center temperature of meat slabs is to be lowered to -18°C during cooling. The cooling time and 
the surface temperature of the slabs at the end of the cooling process are to be determined. 

Assumptions 1 The meat slabs can be approximated as very large plane walls of half-thickness L= 11.5 
cm. 2 Heat conduction in the meat slabs is one-dimensional because of the symmetry about the centerplane. 
3 The thermal properties of the meat slabs are constant. 4 The heat transfer coefficient is constant and 
uniform over the entire surface. 5 The Fourier number is t > 0.2 so that the one-term approximate solutions 
(or the transient temperature charts) are applicable (this assumption will be verified). 6 The phase change 
effects are not considered, and thus the actual cooling time will be much longer than the value determined. 

Properties The thermal conductivity and thermal diffusivity of meat slabs are given to be k = 0.47 W/m°C 
and a = 0.13x10° m / s. These properties will be used for both fresh and frozen meat. 

Analysis The time required to cool the midsection of the meat slabs to T 0 = -18°C is determined from the 
one-term solution relation for infinite plane walls presented in Chap. 4. First we find the Biot number: 


hr a (20 W/m 2 .°C)(0.115 m) 
~k~ 0.47 W/m.°C 


From Table 4-2 we read, for a plane wall, = 1.308 and A l = 1.239. 
Substituting these values into the one-term solution gives 



T -T 

x O OO 

T - T 

J I i co 



-18 -(-30) 
7 -(-30) 


1.239e~ (U08)2r -+ r = 0.783 


which is greater than 0.2 and thus the one-term solution is applicable. 
Then the cooling time becomes 


at 


T = 


— ^ t — 


tL 2 _ (0.783)(0.115 m)' 
»-6 


= 79,650 s = 22.1 h 


V a 0.13 x 10’° m /s 

The lowest temperature during cooling will occur on the surface ( x/L = 1), and is determined to be 


T(x)-T„ 


T. -T, 


= A x e 


-Afr 


cos (X x x! L) — > 


T(L)-T X 


oo 


T; -T, 


- #o cos(Tj L! L) 


To Tec 


00 


T; -T. 


cos(T 1 ) 


oo 


Substituting, 

T(L)-(- 30) = -18 -(-30) cos(i ) = 0 ,3243x0 .2598 = 0.0219 T(L) = -29.2°C 
7 -(-30) 7 -(-30) 


which is very close the temperature of the refrigerated air. 

Alternative solution We could also solve this problem using transient temperature charts as follows: 


Bi hL 
T -T 

M O J oo 

T -T 

/ ± oo 


0.47W/m.°C 


(20 W/m 2 . 0 C)(0. 1 15m) 
-18 -(-30) 


7 -(-30) 


= 0.324 


0.204 


at 

> t = — = 0.75 
L 2 


(Fig.4-15) 


Therefore, t = 



(0.75)(0.115 m) 2 
0.13xl0~ 6 m 2 /s 


= 76,300s = 21.2 h 


The surface temperature is determined from 
1 k 


Bi hL 

*=i 

L 


= 0.204 


nx)-T„ 

T 0 -T x 


= 0.22 (Fig.4-15) 


which gives T surface = T x +0.22 (T a -T x ) = -30 + 0.22[-l 8 - (-30)] = -27.4°C 
The slight difference between the two results is due to the reading error of the charts. 
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17-19E The center temperature of meat slabs is to be lowered to 36°F during 12-h of cooling. The average 
heat transfer coefficient during this cooling process is to be determined. 

Assumptions 1 The meat slabs can be approximated as very large plane walls of half-thickness L = 3-in. 2 
Heat conduction in the meat slabs is one-dimensional because of symmetry about the centerplane. 3 The 
thermal properties of the meat slabs are constant. 4 The heat transfer coefficient is constant and uniform 
over the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of meat slabs are given to be k = 0.26 Btu/hft° 
F and a = 1.4x1 O' 6 ft 2 /s. 


Analysis The average heat transfer coefficient during this cooling process is determined from the transient 
temperature charts in Chap. 4 for a flat plate as follows: 


T = 


at (1.4x 10 _6 ft 2 /s)(l 2x3600 s) 


L 


T -T 

x o 00 


T: -7! 


00 


36-23 

50-23 


(0.25 fty 


= 0.481 


= 0.968 


l 

Bi 


— = 0.7 


(Fig.4-15) 


Therefore, 


_ kBi _ (0.26Btu/h.ft.°F)( 1/0.7) 
0.25 ft 


= 1.5 Btu/h.ft °F 


Discussion We could avoid the uncertainty associated with the reading of the charts and obtain a more 
accurate result by using the one-term solution relation for an infinite plane wall, but it would require a trial 
and error approach since the Bi number is not known. 
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17-20 Chickens are to be chilled by holding them in agitated brine for 2.5 h. The center and surface 
temperatures of the chickens are to be determined, and if any part of the chickens will freeze during this 
cooling process is to be assessed. 

Assumptions 1 The chickens are spherical in shape. 2 Heat conduction in the chickens is one-dimensional 
in the radial direction because of symmetry about the midpoint. 3 The thermal properties of the chickens 
are constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are 
applicable (this assumption will be verified). 6 The phase change effects are not considered, and thus the 
actual the temperatures will be much higher than the values determined since a considerable part of the 
cooling process will occur during phase change (freezing of chicken). 

Properties The thermal conductivity, thermal diffusivity, and density of chickens are given to be k = 0.45 
W/m°C, a = 0.13x10’ m /s, and p = 950 kg/ m . These properties will be used for both fresh and frozen 
chicken. 

Analysis We first find the volume and equivalent radius of the chickens: 
l / =m! p = (1700g)/(0.95g/cm 3 ) = 1789cm 3 


1/3 


r o = 


4 71 


V 


3 1789 cm 3 


1/3 


4 n 


= 7.53 cm = 0.0753 m 


Then the Biot and Fourier numbers become 


hr Q (440 W/m 2 .°C)(0.0753 m) 


Bi = 


k 


0.43 W/m.°C 


= 73.6 


at (0. 1 3 x 1 0 -6 m 2 /s)(2.5 x 3600 s) A ^ 

r = — - = = 0.207 

r a 2 (0.0753 m) 2 

Note that r = 0.207 > 0.2 , and thus the one-term solution is applicable. 

From Table 4-2 we read, for a sphere, X\ = 3.094 and^i = 1.999. Substituting these values into the one- 
term solution gives 


T " T ~ =A x e~^ r -> 1 = L9 99 e -(3°94) 2 (0.207) = 0 . 2 76->r 0 =-3.1°C 

15 — (—10) 


e =Z 0 CO 

v rj-i rj-i 


l " OO 


The lowest temperature during cooling will occur on the surface (r !r 0 = 1), and is determined to be 
T{r)-T x _ A sin (\r/r 0 ) ^ T(r 0 )-T x _ Q sin(A,r 0 / r 0 ) _ T 0 -T x si n(A x r 0 / r 0 ) 

— /i i e t — u c\ 


T -T 

x l x oo 


A r/ r c 


T -T 

* l * 00 


A r o lr o T i - T . » K r o /r o 


Substituting, 

r(r o )-(-10) 
15 -(-10) 


= 0.276 S * n(3 ' 094 md) — > T(r ) = -9.9°C 
3.094 


The entire chicken will freeze during this process since the freezing point of chicken is -2.8°C, and even the 
center temperature of chicken is below this value. 

Discussion We could also solve this problem using transient temperature charts, but the data in this case 
falls at a point on the chart which is very difficult to read: 


at (0.13xlQ- 6 m 2 /s)(2.5x3600s) 
r c 2 (0.0753 m) 2 

1 _ k 0.45 W/m.°C 

Bi hr a (440W/m 2 . 0 C)(0. 0753m) 


= 0.207 
0.0136 


T -T 

x O CO 

T - T 

X / ± CO 


= 0.15. ...0.30 ?? 


(Fig. 4-17) 
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Thermal Properties of Foods 

17-2 1C The latent heat of fusion of food products whose water content is known can be determined from 
/z latent = 334 a where a is the fraction of water in the food and 334 kJ/kg is the latent heat of fusion of water. 


17-22C The specific heat of apples will be higher than that of apricots since the specific heats of food 
products is proportional to their water content, and the water content of apples (82%) is larger than that of 
apricots (70%). 


17-23C Carrots (and any other fresh foods) freeze over a range of temperatures since the composition of 
the remaining liquid in carrots, and thus its freezing point, changes during freezing. 


17-24C The heat removed from the cherries will be about equal to the heat removed from the beef since 
the water content of both foods is the same, and the specific and latent heats of food products primarily 
depend on their water content. 


17-25C The heat removed from the cherries will be about equal to the heat removed from the beef since 
the water content of both foods is the same, and the specific and latent heats of food products primarily 
depend on their water content. 


17-26 A box of beef is to be frozen. The amount of heat removed, the remaining amount of unfrozen water, 
and the average rate of heat removal are to be determined. 

Assumptions The beef is at uniform temperatures at the beginning and at the end of the process. 

Properties At a water content of 60 percent, the enthalpies of beef at 6 and -20°C are //initial = 250 kJ/kg and 
Afina! =45 kJ/kg (Fig. 17-13). 

Analysis (a) The total heat transfer from the beef as it is cooled from 6 to -20°C is determined from 
Qout=m(h inmi ~h nm i) = (35 kg)[(250 -45) kJ/kg] = 7,175 kJ 

(b) The unfrozen water content of beef at -20°C is determined form Fig. 17-13 to be about 25 percent. 
Therefore, the total amount of unfrozen water in the beef at -20°C is 

"'unfrozen = ('"total )(% unfrozen) = (35 kg)(0.25) = 8.75 kg 

(c) Noting that 7,175 kJ of heat is removed from the beef in 3 h, the average rate of heat removal is 
determined to be 



Q out, total 

At 


7,175kJ 
3hx 3600s 


0.66kW 
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17-27 A box of sweet cherries is to be frozen. The amount of heat that must be removed and the amount of 
unfrozen water in cherries are to be determined. 

Assumptions The cherries are at uniform temperatures at the beginning and at the end of the process. 
Properties At a water content of 77 percent, the enthalpy of sweet cherries at 0 and -20°C are determined 
from Table 17-4 to be /^initial = 324 kJ/kg and h rma \ = 58 kJ/kg (Table 17-4). 

Analysis (a) At a water content of 77 percent, the enthalpy of sweet cherries at 0 and -20°C are determined 
from Table 17-4 to be h m it j a i = 324 kJ/kg and A fmal = 58 kJ/kg. Then the total heat transfer from the cherries 
as they are cooled from 0 to -20°C is 

0 freezing = '"(/'initial “ /'final ) = ( 50 kg)[(324- 58) kJ/kg] = 13,300 kj 

Also, the amount of heat removed as the sweet cherries are cooled from 8 to 0°C is 

Seeding = "'c p (Ar) coolmg = (50kg)(3.42kJ/kg.°C)(8 — 0)°C = 1368 kJ 

Then the total heat removed as the sweet cherries are cooled from 8 to -20°C becomes 
total = ^cooling + ^freezing = 13,300 + 1,368 = 14,668 kJ 
(b) The unfrozen water content of sweet cherries at -20°C is determined from Table 17-4 to be 15 percent. 
Therefore, the total amount of unfrozen water in sweet cherries at -20°C is 

"'unfrozen = ('"total )(% unfrozen) = (50 kg)(0.15) = 7.5 kg 


17-28 A polypropylene box filled with cod fish is to be frozen in 2 h. The total amount of heat removed 
from the fish and its container, the remaining amount of unfrozen water, and the average rate of heat 
removal are to be determined. 

Assumptions The box and the fish are at uniform temperatures at the beginning and at the end of the 
process. 

Properties At a water content of 80.3 percent, the specific heat of the cod fish above freezing is given to be 
3.69 kJ/kg.°C. The specific heat of the box is given to be 1.9 kJ/kg.°C. The enthalpies of fish at 0 and -18°C 
are given to be Amitiai = 323 kJ/kg and /zf ma i = 47 kJ/kg. Also, the unfrozen water content of the fish at - 
18°C is given to be 12%. 

Analysis (a) The amounts of heat removed as the cod fish is cooled from 18 to 0°C and then from 0°C to - 
18°C are 

Seeding ="'c p (AJ) C00lmg = (40kg)(3.69kJ/kg. o C)(18-0)°C = 2657 kj 

S freezing = "'(/'initial “ /'final ) = ( 40 kg)[(323 - 47) kJ/kg] = 1 1 ,040 kj 
Also, the amount of heat removed as the box is cooled from 18 to -18°C is 

S„ex = mc p (AT) cooliBS = (2 kg)( 1 .9 kJ/kg.°C)[ 1 8 - (-1 8)°C] = 137 kj 

Then the total amount of heat removed form the package as it is cooled from 18 to -18°C becomes 
Steal = 6&h +e box =2657 + 11,040 + 137 = 13,834 kJ 

(b) The water content of the cod fish at -18°C is given to be 12%. Therefore, the total amount of unfrozen 
water in fish at - 1 8°C is 

"'unfrozen = ('"total )(% unfrozen) = (40 kg)(0.12) = 4.8 kg 

(c) Noting that 13,834 kJ of heat is removed in 2 h, the average rate of heat removal from the fish and its 
container is determined to be 



Qtota L= 13,834 kJ =192kW 
At 2 x 3600s 
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17-29E Applesauce in a stainless steel container is to be frozen. The total amount of heat removed from the 
applesauce and its container and the remaining amount of unfrozen water in the applesauce are to be 
determined. 

Assumptions The applesauce and its container are at uniform temperatures at the beginning and at the end 
of the process. 

Properties At a water content of 82.8 percent, the specific heat of applesauce above freezing is given to be 
0.89 Btu/lbm.°F. The specific heat of the container is given to be 0. 12 Btu/lbm.°F. The enthalpy of 
applesauce is given to be 147.5 Btu/lbm at 32°F and 31.4 Btu/lbm at 7°F. Also, the unfrozen water content 
of the applesauce at 7°F is given to be 14%. 

Analysis (a) The amounts of heat removed as the applesauce is cooled from 77 to 32°F and then from 32°F 
to 7°F are 

Pooling = me p ( AT) cooling = (90 lbm)(0.89Btu/lbm.°F)(77 -32)°F = 3605 Btu 

(^freezing = "^initial “ ^ final ) = ( 90 lbm )[( 1475-31.4) Btu/lbm] = 1 0,449 BtU 

Also, the amount of heat removed as the box is cooled from 77 to 7°F is 

Q box = mc p (AT) cooling = (5 lbm)(0.12Btu/lbm.°F)[77-7)°F] = 42 Btu 

Then the total amount of heat remove form the package as it is cooled from 77 to 7°F becomes 

Stotal = Applesauce +e b ox = 3605 + 10,449 + 42 = 14,096 Btu 

(b) The water content of the applesauce at 7°F is given to be 14%. Therefore, the total amount of unfrozen 
water in the applesauce at 7°F is 

"'unfrozen = ("'total )(% unfrozen) = (90 kg)(0. 14) = 12.6 lbm 


17-30 Fresh strawberries in a polypropylene box is to be frozen. The total amount of heat removed from 
the strawberries and the container is to be determined. 

Assumptions The box and the strawberries are at uniform temperatures at the beginning and at the end of 
the process. 

Properties At a water content of 89.3 percent, the specific heat of the strawberries above freezing is given 
to be 3.94 kJ/kg.°C. The specific heat of the box is given to be 2.3 kJ/kg.°C. The enthalpy of the 
strawberries is given to be 367 kJ/kg at 0°C and 54 kJ/kg at -16°C. 

Analysis (a) The amounts of heat removed as the strawberries is cooled from 26 to 0°C and then from 0°C 
to - 1 6°C are 

Aooimg ="'c p (AJ) C00lmg =(25kg)(3.94kJ/kg.°C)(26 — 0)°C = 2561kJ 

2 freezing = "^initial “ A final ) = (25 kg)[(367 - 54) kJ/kg] = 7825 kj 

Also, the amount of heat removed as the box is cooled from 26 to -16°C is 

Q box =mc p (AT) mohng = (0.8kg)(2.3kJ/kg. o C)[26-(-16)°C] = 77 kJ 

Then the total amount of heat removed form the package as it is cooled from 1 8 to - 1 8°C becomes 

Q total = ^strawberries + 2box = 2561 + 7825 + 77 = 10,463 kj (per box) 

Noting that strawberries are cooled at a rate of 80 boxes per hour, the average rate of heat removal from the 
strawberries is determined to be 

2 aV g = ™ x 2 total, box = (80 box/h)( 10,463 kJ/box) = 837,064 kJ/h = 232.5 kW 
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Refrigeration of Fruits and Vegetables 

17-3 1C The process of cooling the fruits and vegetables at the field before they are shipped to the market or 
storage warehouse is called precooling. It is commonly utilized in practice because precooling preserves 
preharvest freshness and flavor of fruits and vegetables, and extends storage and shelf life. 


17-32C The primary cooling methods of fruits and vegetables are hydrocooling, forced air cooling, package 
icing, and vacuum cooling. 


17-33C Heat of respiration is the heat generated by fruits and vegetables due to their respiration during 
which glucose combines with 0 2 to produce C0 2 and H 2 0. This is an exothermic reaction that releases 
heat to surroundings. 


17-34C The heat transfer coefficients in forced air cooling are considerably lower than those in 
hydrocooling, and the higher air velocities increase the moisture loss from the fruits and vegetables. 
Therefore, the cooling times are much longer in forced air cooling, and the moisture loss can be a serious 
problem. Hydrocooling does not cause any moisture loss, and it is associated with relatively short cooling 
times. 


17-35C Vacuum cooling is based on reducing the pressure of a sealed cooling chamber to the saturation 
pressure at the desired low temperature by a vacuum pump, and to achieve cooling by the evaporation of 
some water from the products to be cooled. The moisture loss can be minimized by spraying water onto 
food products before vacuum cooling. 


17-36C An atmosphere whose composition is considerably different than the standard atmosphere is called 
the modified atmosphere. The modified atmosphere is usually obtained by reducing the oxygen level in the 
air to 1 to 5 percent and increasing the C0 2 level to retard the respiration rate and decay in storage rooms. 
Fruits and vegetables require oxygen to respire and age, and thus the storage life of fruits and vegetables 
can be extended considerably by reducing the oxygen level in the cold storage rooms. 


17-37C Apples, cucumbers, and tomatoes are not suitable for vacuum cooling because (1) their skin has a 
very low permeability for moisture, and (2) they have much smaller surface area relative to leafy vegetables 
such as lettuce and spinach. 

17-38C Because bananas suffer chilling injury at temperatures below 13°C, but apples do not. 
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17-39 A banana cooling room is being analyzed. The minimum flow rate of air needed to cool bananas at a 
rate of 0.2°C/h is to be determined. 

Assumptions 1 Heat transfer through the walls, floor, and ceiling of the banana room is negligible. 2 
Thermal properties of air, bananas, and boxes are constant. 

Properties The specific heats of banana and the flberboard are given to be 3.55 kJ/kg.°C and 1.7 kJ/kg.°C, 
respectively. The peak heat of respiration of bananas is given to be 0.3 W/kg. The density and specific heat 
of air are given to be 1.2 kg/m 3 and 1.0 kJ/kg.°C. 

Analysis Noting that the banana room holds 432 boxes, the total mass of bananas and the boxes are 
determined to be 

m banana = (Mass per box)(Number of boxes) = (19 kg/box)(864 box) = 16,416 kg 


m box = (Mass per box)(Number of boxes) = (2.3 kg/box)(864 box) = 1987 kg 

The total refrigeration load in this case is due to the heat of respiration, the cooling of the bananas and the 
boxes, and the heat gain through the walls, and is determined from 

Q total — ^respiration + Q banana + Qbox 0wall 


where 

^respiration — ^ banana Q respiration — (16,419 kg)(0.3 W/kg) — 4925 W 

(2 banana = (jnc p AT / A0 banana = (16,41 6 kg)(3.55 kJ/kg.°C)(0.4 °C/h) = 23,3 15 kJ/h = 6476 W 


Q box = (mc p AT / AO ^ = (1987 kg)(1.7 kJ/kg.°C)(0.4 °C/h) = 1351 kJ/h = 375 W 


0 wall = 1 800 kJ/kg) = 0.5 kW = 500 W 


and the quantity AT / At is the rate of change of temperature of the products, and is given to be 0.4°C/W. 
Then the total rate of cooling becomes 

£2total — ^respiration + Qbanana + Aox + Qwall = 4925 + 6476 + 375 + 500 = 12,276 W 

The temperature rise of air is limited to 2.0 K as it flows through the load. Noting that air picks up heat at a 
rate of 12,276 W, the minimum mass and volume flow rates of air are determined to be 


^air = 


Q 


air 


12,276 W 


( c pAT) an (1000 J/kg.°C)(2.0°C) 


= 6.14 kg/s 


t/ = 

air 


m 


air 


6.14kg/s 3 

^— = 5.12 m /s 


P air 1 .2 kg/m 

Therefore, the fan selected for the banana room must be large enough to circulate air at a rate of 5. 12 m 3 /s. 


17-40 A claim that fruits and vegetables are cooled by 6°C for each percentage point of weight loss as 
moisture during vacuum cooling is to be evaluated. 

Analysis Assuming the fruits and vegetables are cooled from 30°C and 0°C, the average heat of 
vaporization can be taken to be 2466 kJ/kg, which is the value at 15°C, and the specific heat of products 
can be taken to be 4 kJ/kg.°C. Then the vaporization of 0.01 kg water will lower the temperature of 1 kg of 
produce by 24.66/4 = 6°C. Therefore, the vacuum cooled products will lose 1 percent moisture for each 
6°C drop in temperature. Thus the claim is reasonable. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



17-14 


17-41 Peaches are to be cooled to 5°C by chilled water. The cooling time is to be determined on the basis of 
Fig. 17-16 and the transient one-term solutions. Also, the daily cooling capacity of an existing cooling unit 
is to be determined. 

Assumptions 1 The peaches are spherical in shape with a radius of r Q = 3 cm. 2 Heat conduction in the 
peaches is one-dimensional in the radial direction because of the symmetry about the midpoint. 3 The 
thermal properties of the peaches are constant. 4 The heat transfer coefficient is constant and uniform over 
the entire surface. 5 The Fourier number is t > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The properties of peaches are c p = 3.91 kJ/kg.°C, k= 0.526 W/m.°C, and a = 0.14xl0 -6 m 2 /s 
(Table A-7). 

Analysis The time required to cool the peaches to T avg = 5°C is determined directly from Fig. 17-16 to be 

^—^ = — = 0.107 Flg17 - 16 > t = 0.39 h 

Ti~T 0 0 30-2 


Noting that the hydrocooling unit has a refrigeration capacity of 120 tons, the amount of peaches that can 
be cooled per day (10-h work day) is determined to be 


m 


Q (120x21 lkJ/min)( 10x60 min/day) 


peach 


Cp AT 


(3.91kJ/kg.eC)(30-5)eC 


= 155,420kg/day = 155.4tons/day 


Therefore, the hydrocooling unit can cool 155.4 tons of peaches per day. 


Comparison with the solution obtained from approximate transient solution 

The Biot and Fourier numbers are 


Ei _ hr 0 _ (550 W/m 2 .°C)(0.Q3m) _ 31 <| 

1 k 0.526 W/m.°C 

at _ (0. 14 xl0~ 6 m7s)(0.39x 3600s) 

Z" U • Z 1 o 

r 0 2 (0.03 m)' 

Note that r = 0.207 > 0.2 , and thus the one-term solution is applicable. From Table 4-2 we read, for a 
sphere, = 3.041 and A x = 1.990. Substituting these values into the one-term solution, the center 
temperature of the peaches 0.39 h after the start of the cooling is determined to be 

0 = T JlZL^ = a e ~^ T -a ^ - i. 990^ _(3 - 041)2(0 - 218 ) - 0.265 ->r 0 = 9.4°C 
Ti-Tn 30-2 


The lowest temperature during cooling will occur on the surface (r/r 


T(r)-T x _% x sin^r/rj T(r a )-T x T 0 -T< 
T,-T x X x r!r 0 7) -77 Z -T 


oo 


oo 


Substituting, , 0 ^265 Sill<3 ; 04 ' md| ^ r(r„ ) = 2.2»C 


30-2 


3.041 


o=l), and is determined to be 
sin(V Q / r a ) 

A ''a I r a 


The arithmetic average of the center and the surface temperatures is (9.4+2.2)/2 = 5.8°C. The actual 
average temperature will be somewhat lower since a larger portion of the peaches will be at or near the 
surface temperature. Therefore, the average temperature of 5°C determined earlier from the chart is 

reasonable. 
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17-42 Apples are to be cooled to 4°C by chilled water. The cooling time is to be determined on the basis of 
Fig. 17-16 and the transient one-term solutions. Also, the daily cooling capacity of an existing cooling unit 
is to be determined. 


Assumptions 1 The apples are spherical in shape with a radius of r 0 = 3.5 cm. 2 Heat conduction in the 
apples is one-dimensional in the radial direction because of the symmetry about the midpoint. 3 The 
thermal properties of the apples are constant. 4 The heat transfer coefficient is constant and uniform over 
the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 


Properties The properties of apples are c p = 3.81 kJ/kg.°C, k = 0.418 W/m.°C, and a = 0.13 x 10 6 m 2 /s . 
(Table A-7). 

Analysis The time required to cool the apples to 7 avg = 4°C is determined directly from Fig. 17-16 to be 

T ave ~ ^co = 4-1.5 =0 0943 Fi g- 17 - 16 > f — 0.50 h 

T,-T x 28-1.5 


Noting that the hydrocooling unit has a refrigeration capacity of 80 tons, the amount of apples that can be 
cooled per day ( 1 0-h work day) is determined to be 


m 


Q (80x21 lkJ/min)( 10x60 min/day) 


apple 


Cp AT 


(3.8 lkJ/kg.° C)(28 - 4)° C 


= 1 10,760kg/day = 110.8tons/day 


Therefore, the hydrocooling unit can cool 1 10.8 tons of apples per day. 


Comparison with the solution obtained from approximate transient solution 

The Biot and Fourier numbers become 


Bi-^L 

k 


= 45.2 


at 


T = 


_ (540 W/m 2 .°C)(0.035 m) 
0.418 W/m.°C 
(0.13 x 10~ 6 m 2 /s)(0.50x 3600 s) 
(0.035 m) 2 


= 0.191 


Note that r = 0. 191 « 0.2 , and thus the one-term solution is applicable. From Table 4-2 we read, for a 
sphere, X\ = 3.051 and A\ = 1.992. Substituting these values into the one-term solution, the center 
temperature of the apples 0.50 h after the start of the cooling is determined to be 

0 = T °- T ^ = a x e~% T -» T ° ■ - 1,5 = i 992g~ (3Q51)2(Q - 191) = 0.337 ->r 0 =10.4°C 
T t -T^ 28-1.5 


The lowest temperature during cooling will occur on the surface (r lr 0 = 1), and is determined to be 
T (r)-T x A £ _ A 2 t smjA^ / r 0 ) ^ T(r 0 )-T x T 0 -T x sin(V^ / r 0 ) 

Ti~T * 1 X x r!r 0 Ti~T x Tf-T^ X x r 0 / r a 


Substituting, 


no-i.5 

28-1.5 


0 337 S in(3.051,ad) 
3.051 


-> T(r 0 ) = 1.8°C 


The arithmetic average of the center and the surface temperatures is (10.4 + 1.8)/2 = 6.1°C. The actual 
average temperature will be somewhat lower since a larger portion of the apples will be at or near the 
surface temperature. Therefore, the average temperature of 4°C determined earlier from the chart is 

reasonable. 
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17-43E Apples are to be cooled to 38°F by chilled air. The volume of the cooling section and its 
dimensions, the amount of total heat transfer from a full load of apples, and the time it will take for the 
center temperature of the apples to drop to 40°F are to be determined. 

Assumptions 1 The apples are spherical in shape with a radius of r Q = 1.25 in. 2 Heat conduction in the 
apples is one-dimensional in the radial direction because of the symmetry about the midpoint. 3 The 
thermal properties of the apples are constant. 4 The heat transfer coefficient is constant and uniform over 
the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 6 The heat of respiration is 
negligible. 

Properties The properties of apples are given to be p = 52.4 lbm/ft 3 , c p = 0.91 Btu/lbm.°F, k = 0.24 Btu/h.ft. 
°F, and a = 1.4x1 O' 6 ft 2 /s. 

Analysis (a) The porosity of the cooling section is 0.38. Then the volume of the cooling section is 
determined to be 


v cooling = — x (1 +porosity) = 1Q ’ QQQlbm (] + 0 .38) = 263.4ft 3 
p 52.41bm/ft 3 


Assuming the cooling section to be cubic, the length of each side becomes 
L = (263.4ft 3 ) 1/3 = 6.4 ft 

(b) The amount of total heat transfer from a full load of apples to the cooling air is 

Qappie = mc p AT = (10,000 lbm/load)(0.91Btu/lbm.°F)(80-38)°F = 382,200Btu/load 

(c) The time required to cool the mid section of the apples to T 0 = 40°F is determined from the one-term 
solution relation for spheres presented in Chap. 4. First we find the Biot number: 




(7.8 Btu/h.ft 2 .°F)(1 .25 /12 ft) 


= 3.36 


k 0.242 Btu/h.ft. °C 

From Table 4-2 we read, for a sphere, X\ = 2.349 and^i = 1.658. 
Substituting these values into the one-term solution gives 


00 = 


T ° T ” = -> — — — — — = l-658e _(2,349)2r -> r = 0.390 


T.-T 


oo 


80-28 


which is greater than 0.2 and thus the one-term solution is applicable. Then the cooling time becomes 


at 


T = 


— ^ t — 


rr; _ (0.390)(1 .25 /12 ft)- 
a 1.4xl0’ 6 ft 2 /s 


= 3023 s = 50.4 min 


Alternative solution We could also solve part (c) of this problem using transient temperature charts as 
follows: 


Bi 


k 


0.24 Btu/h.ft. 0 F 


hr r 


T -T 

x O go 


(7.8Btu/h.ft 2 .°F)(l. 25/12 ft) 
38-28 


= 0.295 


T; - T, 


OO 


80-28 
_ 2 


Therefore, 


t = 


a 


= 0.23 


(0.40)(1.25/12ft) 

1.4xl0' 6 ft 2 /s 


at 


> T = 


= 0.40 (Fig.4-17a) 


= 3,096 s = 52 min 


The slight difference between the two results is due to the reading error of the chart. 
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17-44 Fresh strawberries in nylon boxes are to be cooled to 4°C. The rate of heat removal from the 
strawberries and the percent error involved if the strawberry boxes were ignored in calculations are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of strawberries are constant. 

Properties The specific heat of strawberries is given to be c p = 3.89 kJ/kg.°C. The specific heat of nylon 
box is given to be c p = 1.7 kJ/kg.°C. The heat of respiration of strawberries is given to be 0.21 W/kg. 

Analysis (a) Noting that the strawberries are cooled at a rate of 60 boxes per hour, the total amounts of 
strawberries and the box material cooled per hour are 

m strawberry = (Mass per box)(Number of boxes per hour) = (23 kg/box)(60box) = 1380 kg 


m hox = (Mass per box)(Number of boxes per hour) = (0.8 kg/box)(60 box/h) = 48 kg 

The total refrigeration load in this case is due to the heat of respiration and the cooling of the strawberries 
and the boxes, and is determined from 


(^total (^respiration (^strawberry + (2box 


where 

Q respiration = strawberry 9 respiration = (1380 kg)(0.21 W/kg) = 290 W = 1044 kJ/h 
Q strawberry = (me p AT / A0 strawberry = [(1380 kg)(3.89 kJ/kg. °C)(30 - 4)°C]/(1 h) = 139,573 kJ/h 
g box = (me p AT / At) box = [(48 kg)(1.7 kJ/kg. °C)(30 -4)°C]/(1 h) = 2122 kJ/h 
Then the total rate of cooling becomes 

Q total = (^respiration + (?strawbeny + 2box =1044 + 139,573+2122 = 142,739 kJ/h 

If the strawberry boxes were ignored, the total rate of cooling would be 

Q total — (? respiration + (^strawberry = 1044 + 139,573 = 140,617 kJ/h 

Therefore, the percentage error involved in ignoring the boxes is 2122/142,739x100 = 1.5%, which is 
negligible. 
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17-45 Lettuce is to be vacuum cooled in an insulated spherical vacuum chamber. The final pressure in the 
vacuum chamber, the amount of moisture removed from the lettuce, and the error involved in neglecting 
heat transfer through the wall of the chamber are to be determined. 

Assumptions 1 The thermal properties of lettuce are constant. 2 Heat transfer through the walls of the 
vacuum chamber is negligible. 3 All the air in the chamber is sucked out by the vacuum pump so that there 
is only vapor in the chamber. 

Properties The thermal conductivity of urethane insulation is given to be k = 0.020 W/m.°C. The specific 
heat of the lettuce is 4.02 kJ/kg.°C. The saturation pressure of water at 2°C is 0.712 kPa. At the average 
temperature of (24 + 2)12 = 13°C, the latent heat of vaporization of water is /z fg = 2470 kJ/kg (Table A-9). 

Analysis (a) The final vapor pressure in the vacuum chamber will be the saturation pressure at the final 
temperature of 2°C, which is determined from the saturated water tables to be 

P final = -^sat @ 2°C = 0.712 kPa 

Assuming all the air in the chamber is already sucked out by the vacuum pump, this vapor pressure will be 
equivalent to the final pressure in the chamber. 

(b) The amount of heat transfer to cool 5,000 kg of lettuce from 24 to 2°C is determined from 
^lettuce = (mCpAT) i ettuce = (5000 kg)(4.02 kJ/kg.°C)(24- 2)°C = 442,200 kJ 


Each kg of water in lettuce absorbs 2470 kJ of heat as it evaporates. Disregarding any heat gain through the 
walls of the vacuum chamber, the amount of moisture removed is determined to be 


^lettuce ™ ewa phfg > Hi 


evap 


^lettuce 

H fg 


442,200 kJ 
2470 kJ/kg 


179.0 kg 


To determine the maximum amount of heat transfer to the vacuum chamber through its shell, we assume 
the heat transfer coefficients at the inner and outer surfaces to be infinity so that the inner and outer surface 
temperatures of the shell are equal to the temperatures of medium surrounding them. We also neglect the 
thermal resistance of the metal plates. Using the average chamber temperature for the inner surface, the rate 
of heat gain is determined to be 



k4 ^ r out r in {Tout ~ P in, avg ) 


r — r. 
out in 


(0.02W/m.° C)4;r(2 m)( 1 .97 m)(24 - 3)° C 
(2 -1.97)m 


= 363W = 0.363kW 


Then the amount of heat gain in 45 min becomes 

Qgain = Qgain At = (0.363kJ/s)(45 x 60 s) = 980 kJ 


which is 980/442,200 = 0.0022 or 0.22% of the heat removed from the lettuce. Therefore, the claim that 
heat gain through the chamber walls is negligible is reasonable since its effect is much less than 2%. 
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17-46 Spinach is to be vacuum cooled in an insulated spherical vacuum chamber. The final pressure in the 
vacuum chamber, the amount of moisture removed from the lettuce, and the error involved in neglecting 
heat transfer through the wall of the chamber are to be determined. 

Assumptions 1 The thermal properties of spinach are constant. 2 Heat transfer through the walls of the 
vacuum chamber is negligible. 3 All the air in the chamber is sucked out by the vacuum pump so that there 
is only vapor in the chamber. 

Properties The thermal conductivity of urethane insulation is given to be k = 0.020 W/m.°C. The specific 
heat of the spinach is 3.96 kJ/kg.°C. The saturation pressure of water at 3°C is 0.764 kPa. At the average 
temperature of (27 + 3)/2 = 15°C, the latent heat of vaporization of water is h tg = 2466 kJ/kg (Table A-9). 

Analysis (a) The final vapor pressure in the vacuum chamber will be the saturation pressure at the final 
temperature of 3°C, which is determined from the saturated water tables to be 

Efinal = ^sat @ 3°C = 0.764 kPa 

Assuming all the air in the chamber is already sucked out by the vacuum pump, this vapor pressure will be 
equivalent to the final pressure in the chamber. 

(b) The amount of heat transfer to cool 6,500 kg of spinach from 27 to 3°C is 

Clettuce = ('«c p Ar )iettuce = (6500 kg)(3.96 kJ/kg.°C)(27 - 3)°C = 617,760 kJ 


Each kg of water in lettuce absorbs 2466 kJ of heat as it evaporates. Disregarding any heat gain through the 
walls of the vacuum chamber, the amount of moisture removed is determined to be 


spinach ^evap ^ fg ^ ^evap 


^spinach 


h 


fg 


617,760 kJ 
2466 kJ/kg 


250.5 kg 


To determine the maximum amount of heat transfer to the vacuum chamber through its shell, we assume 
the heat transfer coefficients at the inner and outer surfaces to be infinity so that the inner and outer surface 
temperatures of the shell are equal to the temperatures of medium surrounding them. We also neglect the 
thermal resistance of the metal plates. Then using the average chamber temperature for the inner surface, 
the rate of heat gain is determined to be 



k*™ out ^ in (Tout ^ in, avg ) 


r — r. 
out in 


(0.02W/m.°C)4;r(2.5 m)(2.475 m)(27- 3)°C 
(2.5- 2.475) m 


= 970W = 0.970kW 


Then the amount of heat gain in 50 min becomes 

Qgain = Qgain At = (0.970kJ/s)(50 x 60 s) = 2910 kJ 


which is 2910/617,760 = 0.0047 or 0.47% of the heat removed from the lettuce. Therefore, the claim that 
heat gain through the chamber walls is negligible is reasonable since its effect is much less than 2%. 
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Refrigeration of Meats, Poultry, and Fish 

17-47C About 70 percent of the beef carcass is water, and the carcass is cooled mostly by evaporative 
cooling as a result of moisture migration towards the surface where evaporation occurs. This may cause up 
to 2 percent of the total mass of the carcass to evaporate during an overnight chilling. This weight loss can 
be minimized by washing or spraying the carcass with water prior to cooling. 


17-48C Cooling the carcass with refrigerated air is at -10°C would certainly reduce the cooling time, but 
this proposal should be rejected since it will cause the outer parts of the carcasses to freeze, which is 
undesirable. Also, the refrigeration unit will consume more power to reduce the temperature to -10°C, and 
thus it will have a lower efficiency. 


17-49C The freezing time could be decreased by (a) lowering the temperature of the refrigerated air, (b) 
increasing the velocity of air, (c) increasing the capacity of the refrigeration system, and (d) decreasing the 
size of the meat boxes. 


17-50C The rate of freezing can affect color, tenderness, and drip. Rapid freezing increases tenderness and 
reduces the tissue damage and the amount of drip after thawing. 


17-5 1C This claim is reasonable since the lower the storage temperature, the longer the storage life of beef, 
as can be seen from Table 17-7. This is because some water remains unfrozen even at sub freezing 
temperatures, and the lower the temperature, the smaller the unfrozen water content of the beef. 


17-52C A refrigerated shipping dock is a refrigerated space where the orders are assembled and shipped 
out. Such docks save valuable storage space from being used for shipping purpose, and provide a more 
acceptable working environment for the employees. The refrigerated shipping docks are usually maintained 
at 1.5°C, and therefore the air that flows into the freezer during shipping is already cooled to about 1.5°C. 
This reduces the refrigeration load of the cold storage rooms. 


17-53C (a) The heat transfer coefficient during immersion cooling is much higher, and thus the cooling 
time during immersion chilling is much lower than that during forced air chilling, (b) The cool air chilling 
can cause a moisture loss of 1 to 2 percent while water immersion chilling can actually cause moisture 
absorption of 4 to 15 percent, (c) The chilled water circulated during immersion cooling encourages 
microbial growth, and thus immersion chilling is associated with more microbial growth. The problem can 
be minimized by adding chloride to the water. 


17-54C The proper storage temperature of frozen poultry is about -18°C or below. The primary freezing 
methods of poultry are the air blast tunnel freezing, cold plates, immersion freezing, and cryogenic cooling. 


17-55C The factors, which affect the quality of frozen, fish are the condition of the fish before freezing, 
the freezing method, and the temperature and humidity during storage and transportation, and the length of 
storage time. 
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17-56 The chilling room of a meat plant with a capacity of 350 beef carcasses is considered. The cooling 
load and the air flow rate are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Specific heats of beef carcass and air are constant. 

Properties The density and specific heat of air at 0°C are given to be 1.28 kg/m 3 and 1.0 kJ/kg-°C. The 
specific heat of beef carcass is given to be 3.14 kJ/kg-°C. 

Analysis ( a ) The amount of beef mass that needs to be cooled per unit 
time is 

m bee f = (Total beef masscooled)/(coolingtime) 

= (3 5 Ox 220 kg/carcass)/(12 h x 3600 s) = 1 .782 kg/s 

The product refrigeration load can be viewed as the energy that needs 
to be removed from the beef carcass as it is cooled from 35 to 16°C at 
a rate of 2.27 kg/s, and is determined to be 

Qbeef =(mc p AT) beef 

= (1.782 kg/s)(3.14kJ/kg.°C)(35-16)°C = 106 kW 
Then the total refrigeration load of the chilling room becomes 

0 total, chilling room Qbeef Q fan Qlights Qheat gain 106 + 22 + 2 + 14 144 kW 

(b) Heat is transferred to air at the rate determined above, and the temperature of air rises from -2.2°C to 
0.5°C as a result. Therefore, the mass flow rate of air is 



m air = 


Q 


air 


144 kW 


(c p AT) air (1.0 kJ/kg.°C)[0.5-(-2.2)°C] 


= 53.3 kg/s 


Then the volume flow rate of air becomes 



m 


air 


P air 


53.3 kg/s 
1.28 kg/m 3 


= 41.7 m 3 /s 
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17-57 Turkeys are to be frozen by submerging them into brine at -29°C. The time it will take to reduce the 
temperature of turkey breast at a depth of 3.8 cm to -18°C and the amount of heat transfer per turkey are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 The 
thermal properties of turkeys are constant. 

Properties It is given that the specific heats of turkey 
are 2.98 and 1.65 kJ/kg.°C above and below the freezing 
point of -2.8°C, respectively, and the latent heat of 
fusion of turkey is 214 kJ/kg. 

Analysis The time required to freeze the turkeys from 
1°C to -18°C with brine at -29°C can be determined 
directly from Fig. 17-31 to be 

t =180 min. = 3 hours 

(i a ) Assuming the entire water content of turkey is frozen, the amount of heat that needs to be removed from 
the turkey as it is cooled from 1°C to -18°C is 

Cooling to -2.8°C: Pooling, fresh = {mc p 6T)^ =(7kg)(2.98kJ/kg.°C)[l-(-2.8) 0 C] = 79.3kJ 
Freezing at -2.8°C: 0 freezing = mh Utent = (7 kg)(214kJ/kg) = 1498 kJ 

Cooling -18°C: Q, nnhn a fr ozen = (' MC p Ar )frozen = ( 7 kg)( 1 .65 kJ/kg.°C)[-2.8 - (-1 8)]°C = 175.6 kJ 

Therefore, the total amount of heat removal per turkey is 

Gtotal — Gcooling, fresh £? freezing £?cooling, frozen — + 1498 + 175.6 = 1753 kJ 

( b ) Assuming only 90 percent of the water content of turkey is frozen, the amount of heat that needs to be 
removed from the turkey as it is cooled from 1°C to -18°C is 

Cooling to -2.8°C: Pooling, fresh = (m^AT) fresh = (7 kg)(2.98 kJ/kg •' °C)[1 - (-2.98)°C] = 79.3 kJ 
Freezing at -2.8°C: 0 freezing =mh u tent = (7x0.9 kg)(214 kJ/kg) = 1348 kJ 

Cooling -18°C: 2 C od,n g , frozen = (me p AT ) frozen = (7x0.9 kg)(1.65kJ/kg. 0 C)[-2.8-(-18)] 0 C =158 kJ 

Seeding, unfrozen = (mc p AT ) fresh = (7x0.1 kg)(2.98 kJ/kg »C)[-2.8-(-18)»C] = 31.7 kJ 
Therefore, the total amount of heat removal per turkey is 

6 total — Gcooling, fresh Q freezing 2cooling,frozen& unfrozen — 79-3 + 1348 + 158 + 3 1.7— 1617 kJ 



PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 




17-23 


17-58E Chickens are to be frozen by refrigerated air. The cooling time of the chicken is to be determined 
for the cases of cooling air being at -40°F and -80°F. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens are constant. 

Analysis The time required to reduce the inner surface temperature of the chickens from 32°F to 25°F with 
refrigerated air at -40°F is determined from Fig. 17-30 to be 

t = 2.3 hours 

If the air temperature were -80°F, the freezing time would be 

t = 1.4 hours 

Therefore, the time required to cool the chickens to 25 °F is reduced considerably when the refrigerated air 
temperature is decreased. 


17-59 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the 
chicken and the mass flow rate of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens are constant. 

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4.18 
kJ/kg.°C (Table A-9). 


210 kJ/min 




Analysis {a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be 
considered to flow steadily through the chiller at a mass flow rate of 

m chicken = (500 chicken/h)(2.2 kg/chicken) = 1100 kg/h = 0.3056kg/s 

Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C at this rate becomes 

Q chicken =(rhc p AT) chicken = (0.3056 kg/s)(3.54 kJ/kg.“ C)(15 -3)° C = 13.0 kW 

( b ) The chiller gains heat from the surroundings as a rate of 210 kJ/min = 3.5 kJ/s. Then the total rate of 
heat gain by the water is 

Q water = Gchicken +(2heatgain = 13.0 + 3.5 = 16.5 kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow 
rate of water must be at least 


m water 


Q water 


(c p AT) 


water 


16.5kW 

(4.18 kJ/kg.° C)(2° C) 


= 1.97 kg/s 


If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more 
than 2°C. 
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17-60 The center temperature of meat slabs is to be lowered by chilled air to below 5°C while the surface 
temperature remains above -1°C to avoid freezing. The average heat transfer coefficient during this cooling 
process is to be determined. 

Assumptions 1 The meat slabs can be approximated as very large plane walls of half-thickness L = 5-cm. 2 
Heat conduction in the meat slabs is one-dimensional because of symmetry about the centerplane. 3 The 
thermal properties of the meat slab are constant. 4 The heat transfer coefficient is constant and uniform over 
the entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the 
transient temperature charts) are applicable (this assumption will be verified). 

Properties The thermal properties of the beef slabs are given to be p = 1090 kg/m 3 , c p = 3.54 kJ/kg.°C, k 
= 0.47 W/m.°C, and a = 0.13xl0" 6 m 2 /s. 

Analysis The lowest temperature in the steak will occur at the surfaces and the highest temperature at the 
center at a given time since the inner part of the steak will be last place to be cooled. In the limiting case, 
the surface temperature at x = L = 5 cm from the center will be -1°C while the mid plane temperature is 5°C 
in an environment at -12°C. Then from Fig. 4- 15b we obtain 


x _ 5 cm _ j 
L 5 cm 

T(L,t)-T „ _ — 1 — (—12) 
To-T* 5 -(- 12 ) 


= 0.65 


Bi hL 


= 0.95 


which gives 


h = — - — — = 0'47 W/m.°C _ 9 . 9 w/m 2 oq 
0.95 L 1.5(0.05 m) 


Therefore, the convection heat transfer coefficient should be kept below this value to satisfy the constraints 
on the temperature of the steak during refrigeration. We can also meet the constraints by using a lower heat 
transfer coefficient, but doing so would extend the refrigeration time unnecessarily. 

Discussion We could avoid the uncertainty associated with the reading of the charts and obtain a more 
accurate result by using the one-term solution relation for an infinite plane wall, but it would require a trial 
and error approach since the Bi number is not known. 
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Refrigeration of Eggs, Milk, and Bakery Products 

17-61C The density of fresh eggs (1080 kg/m 3 ) is larger than that of water, and thus fresh eggs settle at the 
bottom of a water filled cup. The density of old eggs, however, is usually lower than the density of water, 
and thus old eggs float on the water. Note that an egg loses moisture as it ages if the pores on the shell are 
not sealed, and the space vacated by water is filled with air. 


17-62C Standardization is the process of bringing the milk-fat content of the milk to the desired level. 
During standardization, the stored milk at about 4.4°C is heated to about 20 to 33°C in warm milk 
separators where only a portion of the milk is separated. The remaining milk is standardized by adding 
skim milk or milkfat. 


17-63C Milk is pasteurized to kill microorganisms in it by heating it to a minimum temperature of 62.8°C 
by hot water or steam, and holding it at that temperature for at least 30 min. The pasteurization time can be 
minimized by heating the milk to higher temperatures. It is only 15 s at 71.7°C. A regenerator is a heat 
exchanger in which cold raw milk is preheated by the hot pasteurized milk, saving a considerable amount 
of energy and money. 


17-64C The homogenization of milk is the process of breaking up the large fat globules into smaller ones 
to give the milk a “homogeneous” appearance. Milk is homogenized by heating it to 56°C or above at a 
high pressure (usually 8 to 17 MPa), and then forcing it through homogenizing valves. 


17-65C Yeast is usually stored between 1 and 7°C since it is inactive in that temperature range. The 
optimum dough temperature ranges from 27 to 38°C because yeast is most active in this temperature range. 


17-66C The heat released when dry flour absorbs water is called the heat of hydration. The temperature 
rise of dough due to this heat of hydration can be prevented by precooling the water to 2 to 4°C or by 
cooling the walls of the mixing chamber by circulating chilled water through water jackets during 
kneading. 
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17-67 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of 
fuel and money such a generator will save per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant. 

Properties The average density and specific heat of milk can be taken to be p mi i k = /? water = 1000 kg/m 3 and 

c Pt miik= 3.98 kJ/kg.°C (Table A-7b). 

Analysis The mass flow rate of the milk is 

rn mllk = /7t/ milk = (1 000 kg/m 3 )(12 L/s) = 12 kg/s = 60, 120 lbm/h 

To heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of 

Q current = [™C p (R, asturization ~ Refrigeration )1 milk = (12kg/s)(3.98kJ/kg.eC)(72 - 4)eC = 3,248kJ/s 

The proposed regenerator has an effectiveness of s = 0.82, and thus it will save 82 percent of this energy. 
Therefore, 

Osaved = ^current = (0.82)(3,248 kj/s) = 2663 kj/s 

Noting that the boiler has an efficiency of r|boiier = 0.82, the energy savings above correspond to fuel savings 
of 

FuelSaved = . < 2 - 663kJ,s > (ltherm) . 0.03078th«m/s 

toiler (0.82) (1 05,500 kJ) 

Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $ 1.05/therm, the annual fuel and money 
savings will be 

Fuel Saved = (0.03078 therms/s)(8760x3600 s) = 970,780 therms/yr 
Money saved = (Fuel saved)(Unit cost of fuel) 

= (970,680 therm/yrX$ 1.05/therm) = $1 ,019,200/yr 


17-68 A polypropylene box made of polypropylene contains 30 white breads that are to be frozen by 
refrigerated air. The total amount of heat that must be removed from the breads and their box and the 
average rate of heat removal are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The properties of the bread and the box are constant. 
Properties The specific heat of polypropylene box is given to be c p =1.9 kJ/kg.°C. The enthalpy of the 
bread is given to be 137 kJ/kg at 0°C and 56 kJ/kg at -12°C. The average specific heat of the bread above 
0°C is given to be c p = 2.60 kJ/kg. °C. 

Analysis (a) Noting that a box contains 30 breads, 0.45 kg each, the total mass of the breads in one box is 
^ bread = (30 breads/box)(0.45 kg/bread) =13.5 kg/box 
The amount of heat removed as the breads are cooled from 20 to 0°C and then frozen 0 to -12°C are 

2bread, cooling =0»C,A D bread = (13.5 kg)(2.6 kJ/kg.' °C)(20 - 0)°C = 702 kJ 


Qbread, freezing =«bread(R ~ >h) = (13.5 kg)(137 -56) kJ/kg = 1094 kJ 

The amount of heat removed as the box is cooled from 20 to -12°C is 

g box =(mc p AT) hox = (1.5 kg)(1.9 kJ/kg.°C)[(20 -(-12)]°C = 91 kJ 

Then the total heat removed as the breads and their box are cooled from 20 to -12°C becomes 

Q total — thread, cooling + 2bread,freezing + 2 box - 702 + 1 094 + 9 1 - 1887 kJ 

(b) Noting that the refrigeration time is 3 h, the average rate of heat removal from the breads and the box to 
the air becomes 



= 1887kJ = 0175 RW 
At 3 x 3600s 
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17-69 The center temperature of eggs is to be lowered to 12°C during cooling. The cooling time, the 
temperature difference between the center and the surface of the eggs, and the amount of heat transfer per 
egg are to be determined. 

Assumptions 1 The eggs are spherical in shape with a radius of r 0 = 3 cm. 2 Heat conduction in the eggs is 
one-dimensional in the radial direction because of the symmetry about the midpoint. 3 The thermal 
properties of the eggs are constant. 4 The heat transfer coefficient is constant and uniform over the entire 
surface. 5 The Fourier number is t > 0.2 so that the one-term approximate solutions (or the transient 
temperature charts) are applicable (this assumption will be verified). 

Properties The properties of the eggs are given to be p = 1.08 g/ cm , k = 0.56 W/m.°C, c p = 3.34 kJ/kg.°C, 
and a = 0.14xl0" 6 m 2 /s. 


Analysis The radius of the egg is determined from 


r - 


r a 1/3 

3 ™egg 


4 n p 


egg J 


3 70 g 

4p 1.08 g/cm 2 


\ 1/3 


= 2.49 cm 


Then the time required to cool the mid section of the potatoes to T 0 = 12°C is determined from the one-term 
solution relation for spheres presented in Chap. 4. First we find the Biot number: 

Ei K (45 W/m 2 .°C)(0.0249 m) 2 QQ 

k 0.56 W/m.°C 


From Table 4-2 we read, for a sphere, X x = 2.0288 and^i = 1.4793. Substituting these values into the one- 
term solution gives 

O 0 = T °~ T ™ =A,e~^ r -> - 1 .4793e -(2 - 0288)2 T _> r = 0.362 


T - T 

* i ± oo 


32-2 


which is greater than 0.2 and thus the one-term solution is applicable. Then the cooling time becomes 


at < (0.362)(0.0249 m) 2 ^ ^ „ . 

t = — — > t = = — : = 1603 s = 26.7 mm 


a 


0. 14xl0' 6 m 2 /s 


The lowest temperature during cooling will occur on the surface (r/r G = 1), and is determined to be 

T(r)-T x _ Ae -^ T sm(A 1 r/r 0 ) ^ T(r 0 )-T x T 0 -T x srnjA^ / r Q ) 

T i ~ T . » 1 K rlr o T i~ T ao T i~ T «, A r o /r o 

_ , . . T{r )- 2 12 — 2 sin(2. 0288 rad) 

Substituting, — — = -> T(r n ) = 6.4°C 

32-2 32-2 2.0288 

Therefore, the temperature difference between the center and the surface is 
AT = T 0 - T(r a ) = 1 2 - 6.4 = 5.6°C 

The maximum heat transfer from the egg is 

g max =mc p (T { -r 00 ) = ( 0.07 kg)(3.34kJ/kg.eC)(32-2)eC = 7.01 kJ 

Also, 

8 1 sin Tj - Tj cos A 1 sin(2.0288 rad) -2.0288 cos(2. 0288 rad) 

- = 1 — jc7q = 1 — J x U. JJ j : = U. /o j 


8 max 

Then the heat transfer from the egg becomes 

0 


2.0288 


0 = 


0 


0max = 0.785x (7.01 kJ) = 5.50 kJ 


max 


Alternative solution We could also solve this problem using transient temperature charts. There may be a 
slight difference between the two results, however, because of the reading errors of the chart. 
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17-70E A refrigeration system is to cool eggs by chilled air at a rate of 10,000 eggs per hour. The rate of 
heat removal from the eggs, the required volume flow rate of air, and the size of the compressor of the 
refrigeration system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The eggs are at uniform temperatures before and after 
cooling. 3 The cooling section is well-insulated. 

Properties The properties of the eggs are given to p = 67.4 lbm/ft 3 , k= 0.32 Btu/h.ft.°F, c p = 0.80 
Btu/lbm.°F, and a = 1.5x10° ft /s. The density and specific heat of air at room conditions are p = 0.075 
lbm/ft 3 and c p = 0.24 Btu/lbm. °F (Table A-15E). 

Analysis (a) Noting that eggs are cooled at a rate of 10,000 eggs per hour, eggs can be considered to flow 
steadily through the cooling section at a mass flow rate of 

m Qgg = (10,000 eggs/h)(0.14 lbm/egg) = 1400 lbm/h = 0.3056kg/s 

Then the rate of heat removal from the eggs as they are cooled from 90°F to 50°F at this rate becomes 
Q egg =(mc p AT) egg = (1400 lbm/h)(0.80 Btu/lbm. °F)(90-50)°F = 44,800 Btu/h 

(b) All the heat released by the eggs is absorbed by the refrigerated air, and the temperature rise of air is not 
to exceed 10°F. The minimum mass flow and volume flow rates of air are determined to be 


m air = 


Qair 


44,800 Btu/h 


(c p AT) air (0.24Btu/lbm.°F)( 1 0°F) 


= 18,667 lbm/h 


0 = mair 
air 

P air 


18,666.61bm/h 
0.075 lbm/ft 3 


= 248,888 ft 3 /h 


(c ) For a COP of 3.5, the size of the compressor of the refrigeration system must be 


W, 


Q air 44,800Btu/h 


comp 


COP 


3.5 


lkW 


3412 Btu/h 


= 3.75 kW 


17-71 Dough is made with refrigerated water in order to absorb the heat of hydration and thus to control 
the temperature rise during kneading. The temperature to which the city water must be cooled before 
mixing with flour is to be determined to avoid temperature rise during kneading. 

Assumptions 1 Steady operating conditions exist. 2 The eggs are at uniform temperatures before and after 
cooling. 3 The cooling section is well-insulated. 

Properties The specific heats of the flour and the water are given to be 1.76 and 4.18 kJ/kg.°C, 
respectively. The heat of hydration of dough is given to be 15 kJ/kg. 

Analysis It is stated that 2 kg of flour is mixed with 1 kg of water, and thus 3 kg of dough is obtained from 
each kg of water. Also, 15 kJ of heat is released for each kg of dough kneaded, and thus 3x15 = 45 kJ of 
heat is released from the dough made using 1 kg of water. 

In order for water to absorb all of this heat and end up at a temperature of 15°C, its temperature 
before entering the mixing section must be reduced to 


Q 


me p (T 2 -T x ) -> T x =T 2 



= 15°C 


mc p 


45 kJ 

(1 kg)(4. 1 8 kJ/kg. °C) 


4.2°C 


That is, the water must be precooled to 4.2°C before mixing with flour in order to absorb the entire heat of 
hydration. 
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Refrigeration Load of Cold Storage Rooms 

17-72C The refrigeration load of a cold storage room represents the total rate of heat transfer by all 
mechanisms under peak conditions. The refrigeration load consists of transmission load, infiltration load, 
internal load, product load, and refrigeration equipment load. 


17-73C Transmission load is the heat transfer to a cold storage room by conduction. It is transmitted 
through the wall, the floor, and the ceiling of the cold storage room. The transmission load is determined 
from 


Q 


transmission 


= UA a AT 


where A 0 is outside surface area, AT is the temperature difference between the outside air and the 
refrigerated space, and U is the overall heat transfer coefficient. Transmission load can be minimized by 
insulation. 


17-74C Infiltration heat gain for cold storage rooms is the heat gain due to air exchange between the 
refrigerated space and the surrounding medium. The infiltration heat gain can be minimized by sealing any 
cracks and openings around the refrigerated room shell. 


17-75C The heat removed from the food products as they are cooled to the refrigeration temperature and 
the heat released as the fresh fruits and vegetables respire in storage constitute the product load of the 
refrigeration system. The three primary components of the product load can be determined from 


^cooling, fresh ^^p, fresh (^1 ^freeze) 


^freezing m ^ 


latent 


^cooling, frozen p, frozen (^freeze ^2 ) 


where m is the mass of the food product, c p is the specific heat, and T is the temperature. 


17-76C The internal load of the refrigeration system is the heat generated by the people, lights, electric 
motors and other heat dissipating equipment. 


17-77C Locating the motors inside the refrigeration room increases the refrigeration load of the room since 
the heat dissipated by the motors also becomes part of the internal load. Heat in the amount of 

(1 — 77 motor fan (where 7m 0 tor ls the motor efficiency and W fan is the fan power) is rejected to the room 

that houses the motor. 


PROPRIETARY MATERIAL . © 2007 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and 
educators for course preparation. If you are a student using this Manual, you are using it without permission. 



17-30 


17-78 A box of shrimp is to be frozen in a freezer. The amount of heat that needs to be removed is to be 
determined. 

Assumptions 1 The thermal properties of fresh and frozen shrimp are constant. 2 The entire water content 
of the shrimps freezes during the process. 

Properties For shrimp, the freezing temperature is -2.2°C, the latent heat of fusion is 277 kJ/kg, the specific 
heat is 3.62 kJ/kg-°C above freezing and 1.89 kJ/kg-°C below freezing. The specific heat of polyethylene 
box is given to be 2.33 kJ/kg°C. 

Analysis The total amount of heat that needs to be removed (the cooling load of the freezer) is the sum of 
the latent heat and the sensible heats of the shrimp before and after freezing as well as the sensible heat of 
the box, and is determined as follows: 

Cooling fresh shrimp from 8°C to -2.2°C: 

Gooding, fresh = (mc p AT) fKsh = (40 kg)(3.62 kJ/kg.°C)[8 - (-2.2)]°C = 1477kJ 

Freezing shrimp at -2.2°C: 

^freezing = '^latent = ( 40 kg)(277 kJ/kg) = 1 1 ,080 kj 

Cooling frozen shrimp from -2.2°C to -18°C: 

Gooding, frozen = frozen = (40 kg)(l .89 kJ/kg.°C)[-2.2- (-1 8)]°C = 1195 kj 

Cooling the box from 8°C to -18°C: 

Gbox = ( mc p AT) hox = (1.2kg)(1.4kJ/kg. 0 C)[8-(-18)]°C = 44 kj 

Therefore, the total amount of cooling that needs to be done is 

Gtotal = Gcooling, fresh + ^freezing + Gooding, frozen + Gbox = 1477 + 1 1,080 + 1 1 95 + 44 = 13,796 kj 

Discussion Note that most of the cooling load (80 percent of it) is due to the removal of the latent heat 
during the phase change process. Also, the cooling load due to the box is negligible (less than 1 percent). 
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17-79E The infiltration rate of a cold storage room is given to be 0.4 ACH. The total infiltration load of 
the room is to be determined. 

Assumptions The moisture in the air is condensed at an average temperature of (90+35)/2 = 66°F. 

Properties The heat of vaporization of water at the average temperature of 66°F is 1057 Btu/lbm (Table A- 
9). The properties of the cold air in the room and the ambient air are determined from the psy chrome trie 
chart to be 

^ambient = 90° F| ® ambient = 0.0281bm/lbmdryair 

> 

Ambient = 90% I /? ambient = 52.5Btu/lbmdry air 


T =35°F 

x room ± 

d) = 95% 


&>room = 0.004 lbm/lbmdry air 
h T00m = 12. 5 Btu/lbm dry air 
v = 1 2.55ft 3 /lbm dry air 


Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 
0.4 times every hour, the air will enter the room at a mass flow rate of 


™air = 


ACH = 


12x15x30ft 


(0.4h _1 ) = 172.8 lbm/h 


^room 12.5ft /lbmdryair 

Then the sensible and latent infiltration heat gains of the room become 


Q infiltration,sensible = ™ air ( h ambient ~ Korn) = ( 172 - 8 lbm/h)(52.5-12.5)Btu/lbm = 88,560Btu/h 


Q infiltration, latent = (^ambient “ ® room )» air ' h f g = (0.028 - 0.004)(172 .8 lbm/h)(l,057Btu/lbm) = 4,384Btu/h 
Therefore, 

^infiltration = Q infiltration, sensible + ^infiltration, latent = ^8,560 + 4,384 = 92,944 Btu/h 

Discussion Note that the refrigeration system of this cold storage room must be capable of removing heat at 
a rate of 92,944 Btu/h to meet the infiltration load. Of course, the total refrigeration capacity of the system 
will have to be larger to meet the transmission, product, etc. loads as well. 
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17-80 A holding freezer with R- 3 walls is maintained at -25°C in an environment at 15°C. The amount of 
electrical energy and money this facility will save per year by increasing the insulation value of the walls to 
the recommended level of R-6.5 is to be determined. Also to be determined is the percent error involved in 
the wall resistance if the convection resistances on both sides of the wall are ignored. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of refrigerator walls are 
constant. 3 The heat transfer coefficients on the inner and outer surfaces of the walls are constant and 
uniform. 

Properties The walls of the refrigerator have an R -value of 3 m .°CAV. 

Analysis The outside surface area of the walls of the holding freezer is 

A a - 2 x (7 m)(80 + 25 m) = 1470 m 2 


The current rate of heat gain through the walls is 

A 0 (T 0 -T i ) (1470 m 2 )[15-(-25)]°C 


Q 


current 


1 


+ R-wall 


1 


h. 


— + 3 + — 
10 20 


= 1 8,667 W 


m .C/W 


The rate of heat gain through the walls after insulation is installed is 


^insulated 


MTo-Tt) 


(1470m 2 )[15 -(-25)°C] 


h. 


+ R 


wall , insulated 


h. 


1 


1 


= 8842 W 


+ 6.5 
10 20 


m 2 .°C/W 


Therefore, the rates of heat and electricity saved due to insulation are 


2saved “ 2 current “ ^insulated “ 1 8,667 - 8842 - 9825 W 
^electric, saved = 0saved ' COP = (9825 W) / 1 .3 = 58 14 W 


Noting that the unit cost of electricity is $0.1 0/kWh and assuming year-around continual operation, the 
amount of electricity and money saved per year due to insulation are 

Electricity saved = ^ electriCjSaved x(Operatinghours) = (5.814kW)(365x24h/yr) = 50,930 kW/yr 
Moneysaved= (Electricity saved)(Uni cost of electricity) = (50,93 0kWh/yr)($Q 10/kWh) = $5093/yr 


The total thermal resistance of the wall is 


R total - J + ^ins 

h: 


+ — = — + 3 + — = 3.15m 2 .°C/W 
h 0 10 20 


Discussion If the convection resistances on both sides are neglected, the total resistance would simply be 

the wall resistance, which is i? wall = 3 m .°C/W . Therefore, neglecting the convection resistances would 

cause an error of (3.15 - 3.0)/3. 15 = 0.048 or 4.8%, which is acceptable for most engineering purposes. The 
error in the insulated wall case would be half as much. 
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17-81 A chiller room is maintained at -2°C in an environment at 18°C. The amount of electrical energy 
and money this facility will save per year by increasing the insulation value of the roof to the recommended 
level of R - 7 are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the roof are constant. 3 The 
heat transfer coefficients on the inner and outer surfaces of the walls are constant and uniform. 

Properties The roof of the room has an R-v alue of 2 m .°C/W. 

Analysis The outside surface area of the roof of the chilling room is 

A a =(30 m)(60m) = 1800 m 2 
The current rate of heat gain through the roof is 

■ A 0 (T a - T t ) (1800m 2 )[18-(-2)°C] , 


current 


j + R roof + , 

h : h. 


T +2+ T 

10 25 


= 16,822 W 


m .C/W 


The rate of heat gain through the walls after insulation is installed is 


^insulated 


A o( T o ~ T i) 


roof , insula ted 


(1800 m 2 )[18-(-25)]°C 


^ + 7 + ^ 

10 25 


= 5042 W 


m 2 .°C/W 


Therefore, the rates of heat and electricity saved due to insulation are 

£?saved — ^current — a nS uiated= 16,822 -5042 = 1 1,780 W 

-^electric, saved = Ssaved / COP = (1 1,780 W) / 2.4 = 4908 W 

Noting that the unit cost of electricity is $0. 09/kWh and assuming year-around continual operation, the 
amount of electricity and money saved per year due to insulation are 


Electricity saved= E e \ ectr [ c iSaved x (Operatinghours) = (4.908kWX365x24h/yr)= 42,997kW/yr 
Moneysaved= (Electriciy saved)(Uni cost of electricity) = (42,997kWh/yr)($009/kWh)= $3870/yr 
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17-82 A cold storage room with an infiltration rate of 0.2 ACH is maintained at 6°C in an environment at 
20°C. The internal load of this cold storage room and the infiltration load are to be determined. The mount 
of electrical energy and money this facility will save per year as a result of switching to fluorescent lighting 
are also to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the roof are constant. 3 The 
heat transfer coefficients on the inner and outer surfaces of the walls are constant and uniform. 4 The 
condensation of moisture is disregarded. 

Properties The roof of the room has an R-v alue of 2 m .°C/W. The specific heat of air is c p =1.0 kJ/kg.°C 
(Table A-9). 

Analysis (a) The internal heat load of this cold storage room consists of the heat generated by the people, 
lights, and electric motors that are determined to be 

gpeopie = (NumberofPeople)[270- 6r(°C) W] = (15)(270 - 6x 6 W) = 3510 W 

Slight = (Number of lights)( Wattage) = (1 50)( 1 00 W) = 15,000 W 

A total of 25 kW is dissipated through the fans and the motors as heat to the storage room. Therefore, the 
heat dissipation caused by the motors is 25 kW. Then the total internal heat load becomes 

Q total =0peopie + Slight + S motor = 35 1 0 + 15,000 + 25,000 = 43,5 10 W = 43.51 kW 

(b) Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 0.2 
times every hour, the air will enter the room at a mass flow rate of 

(4nnm 50x30x7 m 3 i 

m alr =— -ACH = (0.2 h ') = 2,638 kg/h = 0.733 kg/s 

^room 0.796m 3 /kg dry air 

The condensation of moisture in the air and thus the latent heat load is said to be negligible. Then the 
sensible infiltration heat gain of the room is determined to be 

Sinfiltration = m&c p (T 0 ~T,) = (0.733 kg/s)(1.0 kJ/kg.°C)(20 - 6)°C = 10.3RW 

The electrical energy consumed by the proposed fluorescent lamps is 

Slight, proposed = (Number of Iights)(Wattage) = (40)(1 10 W) = 4400 W 

Noting that the electricity consumed by the current lighting is 15,000 W and that the lights are on 15 h a 
day, the total electrical energy (from direct lighting and refrigeration) saved by switching to fluorescent 
lamps per year is 

lighting, saved = (Current lighting energy - Proposed lighting energy)(Operating hours) 

= (15,000 W - 4400 W)(15 h/dayx365 days/yr) 

= 58,036 kWh/yr 

-^refrigeration, saved -^lighting, saved /COP = (58,036 kWh/yr)/2.8 = 20,727 kWh/yr 
-^saved, total — -^lighting, saved -^refrigeration, saved — 58,036 + 20,727 — 78,763 kWh/yi* 

Noting that the unit cost of electricity is $0. 09/kWh, the amount of money saved is 
Cost Savings = (Energy Savings)(Unit cost of energy) 

= (78,793 kWh/yr)($0. 09/kWh) 

= $7,089/yr 
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Transportation of Refrigerated Foods 

17-83C Refrigerated trucks are insulated in order to reduce the rate of heat gain into the refrigerated space. 
A very thick layer of insulation in the walls of a refrigerated truck reduces the rate of heat gain into the 
refrigerated space, but it also costs more and reduces the available cargo space. 


17-84C Transporting some highly perishable products by airplanes is worthwhile at times of short supply 
and higher prices. Flowers, strawberries, fresh meats, sea foods, and early season fruits and vegetables are 
commonly shipped by air. 


17-85C Trucks are precooled before they are loaded to minimize the temperature rise of the refrigerated 
food products during loading and transit. Refrigerated trucks need to be equipped with heating systems to 
protect food products from freezing in winter. 


17-86C Liquid drinks such as orange juice have very large heat capacities, and thus they can absorb a large 
quantity of heat with a small temperature rise. Field experience shows that precooled orange juice can be 
transported safely in insulated trucks without any refrigeration. Therefore, the claim is reasonable. 
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17-87E Precooled orange range juice is to be transported in a cylindrical tank by a truck. It is to be 
determined if the orange juice can be transported without any refrigeration. 

Assumptions Thermal properties of the orange juice and insulation are constant. 

Properties The thermal conductivity of urethane is given to be k = 0.017 Btu/h.ft°F. The density and 
specific heat of refrigerated orange juice at temperatures near 0°C are given to be Pj uice = 62.4 lbm/ft 3 and 
c p , juice = 0.90 Btu/lbm.°F. 

Analysis Problems of this kind that involve “checking” are best solved by performing the calculations 
under the worst conditions, with the understanding that if the performance is satisfactory under those 
conditions, it will surely be satisfactory under any conditions. 

We take the average ambient temperature to be 92°F, which is the highest possible, and raise it by 
12°F to 104°F to account for the radiation from the sun and the pavement. We also assume the metal sheets 
to offer no resistance to heat transfer, and assume the convection resistances on the inner and outer sides of 
the tank wall to be negligible. Under those conditions, the inner and outer surface temperatures of the 
insulation will be equal to the orange juice and ambient temperatures, respectively. Further, we take the 
orange juice temperature to be 35°F during heat transfer calculations (to maximize the temperature 
difference), and take the heat transfer area to be the outer surface area of the tank (instead of the smaller 
inner surface area) which is determined to be 

A = 2 A base + A side = 2 {ttD 0 2 / 4) + (; nD a )L 0 = 2*(6.3ft) 2 /4 + ;r(6.3ft)(27ft) = 596.7 ft 2 

Then the rate of heat transfer through the insulation into the orange juice becomes 

Q = k lns A AT ^- = (0.015Btu/h.ft.° F)(596.7ft 2 ) (1Q4 ~ 35) ° C = 7411 Btu/h 

L ins 1/12 

This is the highest possible rate of heat transfer into the orange juice since it is determined under the most 
favorable conditions for heat transfer. 

At an average velocity of 35 mph, transporting the orange juice 1250 miles will take 

Distance traveled 1250miles 

At = = = 35. 7h 

Average velocity 35mph 

Then the total amount of heat transfer to the orange juice during this long trip becomes 
Q = QAt = (741 lBtu/h)(35.7h) = 264,570Btu 

Noting that the thickness of insulation is 1-in on all sides, the volume and mass of the orange juice in a full 
tank are 

Grange juice =(^i ^)L, =[tt( 6.134 ft) 2 /4](26.83 ft) = 792.8ft 2 


w orange juice = P' ^orange juice = (62.41bm/ft 2 )(792.8ft 2 ) = 49,4711bm 


Then the transfer of 264,570 Btu of heat into the orange juice will raise its temperature to 


Q - mc P (^2 - > > T 2 - 7j 


Q 264,570 Btu 

= 35eF + 

me p (49,471 lbm)(0.90Btu/lbm.°F) 


40.9°F 


That is, the temperature of the orange juice will rise from 35 to 40.9°F during this long trip under the most 
adverse conditions, which is well below the 46°F limit. Therefore, the orange juice can be transported even 
longer distances without any refrigeration. 
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17-88 A large truck is to transport 30,000 kg of oranges. The refrigeration load of the truck and the amount 
of ice needed to meet this need for a 20 h long trip are to be determined. 

Assumptions 1 Infiltrating air exits the truck saturated at 4°C. 2 The moisture in the air is condensed out at 
the exit temperature of 4°C. 

Properties The humidity ratio of air is given to be 0.0205 kg water vapor/kg dry air at 27 °C and 90 percent 
relative humidity, and 0.0047 at 3°C and 100 percent relative humidity. The latent heat of vaporization of 
water at 15°C is given to be 2466 kJ/kg. The density of air is given to be 1.15 kg/m 3 , and its specific heat at 
the ambient temperature of 27°C is c p = 1.0 kJ/kg-°C (Table A-l 1). The latent heat of ice is 333.7 kJ/kg. 

Analysis The total refrigeration load of the truck is due to the heat gain by transmission, infiltration, and 
respiration. Noting that UA is given to be 80 W/°C, the rate of heat gain by transmission is determined to 
be 

^transmission = UAAT = (80W/°C)(27 - 4)°C = 1 840 W 
The rate of heat generation by the oranges as a result of respiration is 

Q respiration = m ‘ h respiration = (30,000kg)(0.01 7 W/kg) = 510 W 

The ambient air enters the truck at a rate of 4 L/s, which corresponds to a mass flow rate of 

m air =pO air =( 1.15 kg/m 3 )(0.04m 3 /s) = 0.0046 kg/s 

Noting that an equal amount of air at 4°C must leave the truck, the sensible heat gain due to infiltration is 

£? infiltration, sensible = p A T) air = (0.0046 kg/ S )(l .0 kJ/kg. °C)(27 - 4)°C = 0.106 kj/s = 106 W 

Each kg of ambient air is said to contain 0.0205 kg of water vapor which condenses in the truck and is 
drained out as a liquid, releasing hf g = 2466 kJ/kg of latent heat. Then the latent heat gain of the truck 
becomes 

^infiltration = ^ water h fg = (0-0205 kg/kg dry air)(0.0046 kg/s)(2466 kJ/kg) = 233 W 

Note that the latent heat part of the infiltration is about twice as large as the sensible part. Then the 
refrigeration load or the total rate of heat gain by the truck becomes 

Q total — Q transmission 0 respiration + ^infiltration = 1,840 + 5 1 0 + (1 06 + 233) = 2689 W 

The total amount of heat gain during the 1 5 h long trip is 

(9 total = 2totai A ^ = (2689 J/s)(15x3600s) = 145,206,000 J = 145,206 kJ 

Then the amount of ice needed to meet this refrigeration load is determined from 

Wta= -g~L = : 145*206 kJ = 

latent, ice 334kJ/kg 

Discussion Note that about half of a ton ice (1.5 percent of the mass of the load) is sufficient in this case to 
maintain the oranges at 4°C. 
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17-89 A walls of a large freezer truck is made of 2. 5 -cm thick urethane insulation, which is to be upgraded 
to 8-cm thick insulation. The reduction in the transmission heat gain and the reduction in the cargo space 
of the truck are to be determined. 

Assumptions 1 The convection heat transfer coefficients remain constant. 2 The properties of insulation are 
constant. 3 The thermal resistances of metal plates are negligible. 

Properties The thermal conductivity of insulation is given to be k = 0.026 W/m°C. 

Analysis The outside surface area of the freezer truck is 

A a = 2 x(14x 4 + 4x2.5 + 14x2.5) m 2 =202m 2 


The current rate of heat gain through the walls is 


Q 


current 


A 0 {X 0 -Ti) 

1 L: m( , 


(202 m 2 )[25-(-18)]°C 


1 


1 


0.025 m 


1 


= 7814 W 


h; k ms h n 8 W/m 2 .°C 0.026 W/m.°C 40W/m 2 .°C 


The rate of heat gain through the walls after insulation is added will be 


^insulated 


A P (T 0 ~ T i ) 

1 f'nc 


(202 m 2 )[25-(-18)]°C 


1 


1 


0.08 m 


1 


= 2692 W 


h; k ins h n 8 W/m 2 .°C 0.026 W/m.°C 40W/m 2 .°C 


Therefore, the reduction in the refrigeration load due to added insulation is 
^reduction = ^current — ^insulated — 78 14 — 2692 = 5122 W 


The reduction in the cargo load of the truck as a result of increasing the thickness of insulation from 2.5 cm 
to 8 cm while holding the outer dimensions constant is 


''reduced ''current ''insulated 

= (14 - 0.05)(2.5 - 0.05)(4 - 0.05) - (14 - 0. 18)(2.5 - 0. 16)(4 - 0. 16) = 10.8 m 3 
'"reduced = Pgross deduced = (600kg/m 3 )(10.8 m 3 ) = 6480 kg 


17-90 The cargo space of a refrigerated truck is to be cooled from 25°C to an average temperature of 5°C. 
The time it will take for an 8-kW refrigeration system to precool the truck is to be determined. 
Assumptions 1 The ambient conditions remain constant during pre coo ling. 2 The doors of the truck are 
tightly closed so that the infiltration heat gain is negligible. 3 The air inside is sufficiently dry so that the 
latent heat load on the refrigeration system is negligible. 

Properties The density of air is given to be 1 .2 kg/m 3 , and its specific heat at the average temperature of 
15°C is Cp = 1.0 kJ/kg-°C (Table A- 15). 

Analysis The mass of air in the truck is 

'"air =A U r t/ tmck = (1 -2 kg/m 3 )(12 mx 2.3 mx 3.5 m) = 1 16 kg 
The amount of heat removed as the air is cooled from 25 to 5°C 


0cooi,ng.a,r = (™c p A T) air =(116 kg)(1.0 kJ/kg.“C)(25 - 5)° C = 2320 kJ 

Noting that UA is given to be 80 W/°C and the average air temperature in the trunk during precooling is 
(25+5)/2 = 15°C, the average rate of heat gain by transmission is determined to be 

Q transmission, ave = UAAT = (80 W/“ C)(25 - 15)“ C = 800 W = 0.80kJ/s 

Therefore, the time required to cool the truck from 25 to 5°C is determined to be 


Q refrig A* ~ Q 


cooling, air 


+ Q 


transmission 


At — ^ At — 


£?cooling,air 


2320 kJ 


£? refrig. — transmission (8 - 0.8) kj/s 


= 322 s = 5.4 min 
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Review Problems 


17-91 Broccoli is to be vacuum cooled in an insulated spherical vacuum chamber. The final mass of 
broccoli after cooling and the error involved in neglecting heat transfer through the walls of the chamber 
are to be determined. 

Assumptions 1 The thermal properties of broccoli are constant. 2 Heat transfer through the walls of the 
vacuum chamber is negligible. 3 All the air in the chamber is sucked out by the vacuum pump so that there 
is only vapor at the end. 

Properties The thermal conductivity of urethane insulation is given to be k = 0.026 W/m.°C. The specific 
heat of broccoli near freezing temperatures is 3.86 kJ/kg.°C (Table A-7). At the average temperature of (25 
+ 4)/2 = 14.5°C, the latent heat of vaporization of water is hf g = 2464 kJ/kg (Table A-9). 

Analysis (a) The amount of heat transfer to cool 6,000 kg of broccoli from 25 to 4°C is 

^broccoli = ( f nc p AT) br0CC0h = (6000 kg)(3. 86 kJ/kg. °C)(25 - 4)°C = 486,400 kJ 

Noting that each kg of water in broccoli absorbs 2464 kJ of heat as it evaporates, and disregarding any heat 
gain through the walls of the vacuum chamber, the amount of moisture removed is determined to be 

Cbroccoli = ™evapCe “> "*evan = = 486,400 — = 197 kg 

broccoli evap fg evap ^ 2464 kJ/kg 

Therefore, the final mass of the wet broccoli is 

^broccoli, final — ^broccoli, final — ^evap — 6000— 197 — 5803 kg 


To determine the maximum amount of heat transfer to the vacuum chamber through its shell, we assume 
the heat transfer coefficients at the inner and outer surfaces to be infinity so that the inner and outer surface 
temperatures of the shell are equal to the temperatures of medium surrounding them. We also neglect the 
thermal resistance of the metal plates. Then using the average chamber temperature for the inner surface, 
the rate of heat gain is determined to be 



k4 ^ r out r i„( T out - T in,avg ) 


y — Y- 
out in 


(0.026W/m.°C)4^-(2 m)(197 m)(25-14.5)°C 
(2- 1.97) m 


= 45 1W = 0.451 kW 


Then the amount of heat gain in 1 h becomes 

Qgain = Q gainst = (0.45 lkJ/s)(3600 s) = 1624 kJ 

which is 1624/486,400 = 0.0033 or 0.33% of the heat removed from the broccoli. Therefore, the claim that 
heat gain through the chamber walls is less than 5 percent is reasonable. 
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17-92 The center temperature of apples is to be lowered to 8°C during cooling by chilled air or chilled 
water. The cooling time and temperature difference between the center and the surface of the apples for 
both cases are to be determined. 

Assumptions 1 The apples are spherical in shape with a radius of r 0 = 3.25 cm. 2 Heat conduction in the 
apples is one-dimensional in the radial direction because of symmetry about the midpoint. 3 The thermal 
properties of apples are constant. 4 The heat transfer coefficient is constant and uniform over the entire 
surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient 
temperature charts) are applicable (this assumption will be verified). 

Properties The thermal conductivity and thermal diffusivity of apples are given to be k = 0.42 W/m°C and 
a = 0.14xl0' 6 m 2 /s. 

Analysis (a) For air cooling, the time required to cool the mid section of the apples to T 0 = 8°C is 
determined from the one-term solution relation for spheres presented in Chap. 4. First we find the Biot 
number: 

Di K (45 W/m 2 .°C)(0.0325 m) , ^ 


k 


0.42 W/m.°C 


From Table 4-2 we read, for a sphere, A,i = 2.369 and^i = 1.670. Substituting these values into the one- 
term solution gives 

6> 0 = T °~ T <* =A,e~ A ' T -> -^- = 1.670e _(2 ' 369,2r -> r = 0.287 


T, ~ T x 22-1 

which is greater than 0.2 and thus the one-term solution is applicable. Then the cooling time becomes 
at 


T = 


— ^ t — 


vj (0.287)(0.0325 m) 2 


= 2165 s = 36.1 min 


r A 0 a 0.14x10 m / s 

The lowest temperature during cooling will occur on the surface (r/r 0 = 1), and is determined to be 

T(r)-T a 

- = /L,e ■ — 

X x rlr 0 


A c -#r sin(/(i r!r 0 ) ^ T(r 0 )-T x T 0 -T w sin (V Q /r Q ) 

Ti~T x 1 \r!r 0 T, - T x T t -T x 


K r o lr o 


Substituting, 

T(r 0 )-1 8-1 sin(2.369 rad) 


-> T(r a ) = 3.6°C 


22-1 22-1 2.369 

Therefore, the temperature difference between the center and the surface of the apples is 


AT = 77 


-P 


= 8-3.6 = 4.4°C 


center x surface 

(i b ) For water cooling, the time required to cool the mid section of the apples to T 0 = 8°C is determined 
similarly: 


Bi K (80 W/m 2 .°C)(0.0325 m) 


Table 4-2 


k 


0.42 W/m.°C 


^ X\ = 2.666 and A\ = 1.840. 


Substituting, 


0 O =— — — = A,e~^ T -> — L = 1.840e _(2 - 666)2r -> t = 0.240 


T. - T 


L l 


co 


22-1 


which is greater than 0.2. Then the cooling time becomes 


at 


T = 


— ^ t — 


rr; _ (0.240)(0.0325 m)' 
a 0.14x 10’ 6 m 2 / s 


= 181 Is = 30.2 min 


Also, 


T{r 0 )~ 1 8-1 sin(2.666 rad) 


-> T(r 0 ) = 2.2°C 


22-1 22-1 2.666 
Therefore, the temperature difference between the center and the surface of the apples in this case is 


AT = T, 


center 


-T 


surface 


= 8-2.2 = 5.8°C 
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17-93E Cod fish in a polypropylene box is to be frozen in 4 h. The total amount of heat removed from the 
fish and the box, the remaining amount of unfrozen water in fish, and the average rate of heat removal are 
to be determined. 

Assumptions The box and the fish are at uniform temperatures at the beginning and at the end of the 
process. 

Properties At a water content of 83.6 percent, the specific heat of the cod fish above freezing is given to be 
0.89 Btu/lbm.°F. The specific heat of the box is given to be 0.45 Btu/h.ft.°F. The enthalpies of fish at 32 and 
-4°F are given to be /^initial = 145 Btu/lbm and hf ma \ = 18 Btu/lbm. Also, the unfrozen water content of the 
fish at -4°F is given to be 9%. 

Analysis (a) The amounts of heat removed as the cod fish is cooled from 60 to 32°F and then from 32°F to - 
4°F are 

^cooling = mc p (A J) cooling = (70 lbm)(0.89Btu/lbm.°F)(60-32)°F = 1744 Btu 

S freezing = '^initial ^ final) = (70 lbm)[(145-18) Btu/lbm] = 8890 Btu 

Also, the amount of heat removed as the box is cooled from 60 to -4°F is 

Q hm = mc p (A J) cooling = (3.5 lbm)(0.45Btu/lbm.°F)[60- (-4)°F] = 101 Btu 

Then the total amount of heat removed form the package as it is cooled from 60 to -4°F becomes 
Stotai =£fsh+£box =1744 + 8890 + 101 = 10, 735Btu 

(b) The water content of the cod fish at -4°F is given to be 9%. Therefore, the total amount of unfrozen 
water in fish at -4°F is 

m unfrozen = ( m total )( 0// ° unfrozen) = (70 lbm)(0.09) = 6.3 lbm 

(c) Noting that 10,735 Btu of heat is removed in 4 h, the average rate of heat removal from the fish and its 
container is determined to be 



Q total 

At 


10,735 Btu 
4h 


= 2684 Btu/h 
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17-94 Fresh carrots in polypropylene boxes are to be frozen at a rate of 50 boxes/h. The rate of heat 
removal from the carrots and the boxes and the rate at which the water in carrots freezes during this process 
are to be determined. 

Assumptions The carrots and their boxes are at uniform temperatures at the beginning and at the end of the 
process. 

Properties At a water content of 87.3 percent, the specific heat of carrots above freezing is given to be 3.90 
kJ/kg.°C. The specific heat of the box is given to be 2.3 kJ/kg.°C. The enthalpies of carrots at 0 and -18°C 
are given to be /z in itiai = 361 kJ/kg and /zf ina i = 5 1 kJ/kg. Also, the unfrozen water content of the carrots at - 
18°C is given to be 7%. 

Analysis (a) Noting that the carrots are cooled at a rate of 50 boxes per hour, the carrots can be considered 
to be cooled steadily at a rate of 

tit carrots = (Mass per box)(No. of boxes per h) = (30 kg/box)(50 boxes/h) = 1 ,500 kg/h 
m hox = (Mass per box)(No. of boxes per h) = (1.4 kg/box)(50 boxes/h) = 70 kg/h 

Then the rates of heat removed as the carrots are cooled from 22 to 0°C and then from 0°C to -18°C become 

Seeding - rhc p (A7’) cooling = (1500 kg/h) (3. 90 kJ/kg. °C)(22 -0)°C = 128,700 kJ/h 

S freezing = ? «( /j initial “ Vmal ) = ( 70 kg)[(361-51) kJ/kg] = 465,000 kJ/h 
Also, the amount of heat removed as the box is cooled from 22 to -18°C is 

Shox = mc p (AD cooling = (70 kg/h)(2.3 kJ/kg. °C)[22 - (-18)°C] = 6440 kJ/h 
Then the rate of total heat removal from the carrots and their boxes becomes 

Stotai = ^carrots + 6box = 128,700 + 465,000 + 6440 = 600,140 kJ/h = 166.7 kW 

(b) The unfrozen water content of the carrots reduces from 87.5% (the entire water content) at 22°C to 7 
percent at -18°C. Therefore, the rate at which water in the carrots freezes is 

^ water, frozen = 0” water, total )(%frozen) = (l,500kg/h)(0.875 - 0.07) = 1208kg/h = 0.336 kg/s 
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17-95 The chilling room of a meat plant with a capacity of 350 beef carcasses is considered. The 
refrigeration load, the volume flow rate of air, and the heat transfer area of the evaporator are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Properties of beef carcass and air are constant. 

Properties The density and specific heat of air are given to be 1.28 kg/m 3 and 1.0 kJ/kg-°C. The specific 
heat of beef carcass is given to be 3.14 kJ/kg-°C. The heat of fusion of water is given to be 334 kJ/kg, and 
the heat of vaporization of water is given to be 2490 kJ/kg. 

Analysis (a) The amount of beef mass that needs to be cooled per unit time is 

m be ef - (Total beef mass cooled) / (cooling time) = (350x 280 kg)/(10x 3600 s) = 2.72 kg/s 

The product refrigeration load can be viewed as the energy that needs to be removed from the beef carcass 
as it is cooled from 35 to 16°C at a rate of 2.72 kg/s, and is determined to be 

<2 beef =(rhc p AT) beef = (2.72kg/s)(3.14kJ/kg.°C)(35 -16)°C = 162kW 
Then the total refrigeration load of the chilling room becomes 

0 total, chilling room — (2beef + Q fan (flights (2 heat gain — ^ ^2 + 22 + 2 + 11 — 197 kW 


(b) Heat is transferred to air at the rate determined above, and the temperature of air rises from -2.2°C to 
0.5°C as a result. Therefore, the mass and volume flow rates of air are 


m air = 


Qair 


197 kW 


(c AT),. (1.0 kJ/kg.°C)[0.5-(-2.2)°C] 


= 72.9 kg/s 



m 


air 


P air 


72.9 kg/s 
1.28 kg/m 3 


= 56.9 m 3 /s 


(c) Normally the heat transfer load of evaporator is the same as the refrigeration load. But in this case the 
water which enter the evaporator as a liquid is frozen as the temperature drops to -2.2°C, and the evaporator 
must also remove the latent heat of freezing which is determined from 

Q freezing = (^latent ) water = (0-080 kg/s)(334 kJ/kg) = 27 kW 


Therefore, the total rate of heat removal at the evaporator is 

(^evaporator — Q total, chill room (2 freezing — 1^7 ^7 — 224 kW 

Then the heat transfer surface area of the evaporator on the air side is determined from 

^evaporator — ) air side ’ 


A = 


Q 


evaporator 


224,000 W 


= 1851 m 


UAT (22 W/m 2o C)(5.5°C) 

Obviously a finned surface must be used to provide such a large surface area on the air side. 
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17-96 Turkeys are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the 
turkeys and the mass flow rate of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of turkeys are constant. 

Properties The specific heat of turkeys is given to be 3.28 kJ/kg.°C. The specific heat of water is 4. 18 
kJ/kg.°C (Table A-9). 

Analysis (a) Turkeys are dropped into the chiller at a rate of 200 per hour. Therefore, turkeys can be 
considered to flow steadily through the chiller at a mass flow rate of 

th turkey = (200 turkey/hX7.5 kg/chicken) = 1500 kg/h = 0.4167 kg/s 


Then the rate of heat removal from the turkeys as they are cooled from 14°C to 4°C at this rate becomes 

Q turkey =(rhc p AT) ^ = (0.4167 kg/s)(3.28 kJ/kg.°C)(14 -4)°C = 13.7 kW 

The chiller gains heat from the surroundings as a rate of 120 kJ/min = 2.0 kJ/s. Then the total rate of heat 
gain by the water is 

Q water = Q turkey +(?heatgain = 1 3.7 + 2.0 = 1 5.7kW 


Noting that the temperature rise of water is not to exceed 2.5°C as it flows through the chiller and that the 
specific heat of water is 4. 18 kJ/kg.°C, the mass flow rate of water must be at least 


m water 


Q water 

(c^ AT) water 


15.7 kW 

(4.18 kJ/kg.°C)(2.5°C) 


= 1.50 kg/s 


If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more 
than 2.5 °C. 
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17-97E In a chicken processing plant, the center temperature of whole chickens is to be lowered by chilled 
air below 40°F while the surface temperature remains above 33°F to avoid freezing. The average heat 
transfer coefficient during this cooling process is to be determined. 

Assumptions 1 Chickens can be approximated as spheres. 2 Heat conduction in the chickens is one- 
dimensional in the radial direction because of symmetry about the midpoint. 3 The thermal properties of 
chickens are constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The 
Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient temperature charts) 
are applicable (this assumption will be verified). 

Properties The thermal properties of the chickens are given to be p = 65.5 lbm/ft 3 , c p - 0.85 Btu/lbm.°F, 
k= 0.27 Btu/h.ft.°F, and a = 1.4x1 O' 6 ft 2 /s. 

Analysis The equivalent radius of the chickens is 


r — 


( 3 > 

1/3 

1 / 

— 

U n j 

V 


3 ^chicken 
/^chicken 


1/3 


3 5 lbm N 

,4 n 65.5 lbm/ft 3 , 


1/3 


= 0.263 ft 


The lowest temperature in the chickens will occur at the surfaces and the highest temperature at the center 
at a given time since the inner part of the chickens will be last place to be cooled. In the limiting case, the 
surface temperature at r = r 0 = 0.263 ft from the center will be 33°F while the center temperature is 40°F in 
an environment at 5°F. Then from Fig. 4- 17b we obtain 


r _ 0.263 ft _ { 
r G ~ 0.263 ft 

T(r 09 t)-T„ _ 33-5 _ QgQ 
T 0 ~T 40-5 


1 

Bi 


k 

hr Q 


= 2.1 


which gives 


h = 


J_A 

2.1 r a 


0.53 Btu/h.ft.°F 
2.1(0.263 ft) 


0.96 Btu/h.ft 2 ,°F 


Therefore, the convection heat transfer coefficient should be kept below this value to satisfy the constraints 
on the temperature of the chickens during refrigeration. We can also meet the constraints by using a lower 
heat transfer coefficient, but doing so would extend the refrigeration time unnecessarily. 
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17-98 A person puts a few peaches into the freezer to cool them quickly. The center and surface 
temperatures of the peaches in 45 minutes as well as the amount of heat transfer from each peach are to be 
determined. 


Assumptions 1 The peaches are spherical in shape with a radius of r 0 = 4 cm. 2 Heat conduction in the 
peaches is one-dimensional in the radial direction because of symmetry about the midpoint. 3 The thermal 
properties of the peaches are constant. 4 The heat transfer coefficient is constant and uniform over the 
entire surface. 5 The Fourier number is x > 0.2 so that the one-term approximate solutions (or the transient 
temperature charts) are applicable (this assumption will be verified). 

Properties The properties of peaches are given to be p = 960 kg/m , c p - 3.9 kJ/kg.°C, 

k = 0.53 W/m.°C, and a = 0.14 xKH m 2 /s. 

Analysis (< a ) The Biot and Fourier numbers become 


Bi = 


hr a 

k 


T = 



(18 W/m 2 .°C)(0.04 m) 
0.53 W/m.°C 

(0.14xlQ~ 6 m7s)(45x60s) 
(0.04 m)' 


1.358 
= 0.236 


Note that r = 0.236 > 0.2 , and thus the one-term solution is applicable. From Table 4-2 we read, for a 
sphere, = 1.735 and^i = 1.347. Substituting these values into the one-term solution, the center 
temperature of the peaches 45 min after the start of the cooling is determined to be 

0 = T ° ~ T ' Jj = A,e~^ T -> T ° ~(— 18) = i 347g -(i-735) 2 (0.236) = 0.662 ->T 0 = 7.2°C 
T i - 77 20 -(-18) 


The lowest temperature during cooling will occur on the surface (r/r G = 1), and is determined to be 
T(r)-T x _ ^ ^_ a 2 t sin (^r / r Q ) > T{r a )-T x _ T 0 -T X si n(V 0 / r a ) 

T t -T 0 o 1 I r a T t -T n A t r 0 / r Q 


c u T ( r o )-(- 18 ) n sin ( L735rad ) t 1 ^ mo 

Substituting, — — — —77^ — = 0.662 > T(r 0 ) = -3.7 C 


20 -(- 18 ) 


1.735 


Note that the outer parts of the peaches will freeze during this process. The maximum heat transfer from the 
peach is 


m = p i/ = p 




— nr: 


- (960 kg/m 3 ) —^(0.04 m) 3 =0.257 kg 

^ 3 j 


Also, 


ft.., I — ^00 ) = (0-257 k 8 )(3.90kJ/kg.°C)[20— (-18)]°C = 38. lkj 


Q = sm A, -A, cos i, = 1 _ 3 x 0662 S in(1.735r.-,d ) -1.735co s (1.735 ra d ) =0517 


Qmax 

Then the heat transfer from each peach becomes 

0 


1.735 


0 = 


0 


Q = 0.5 17 x (38.1 kJ) = 19.7 kJ 


max 


Alternative solution We could also solve this problem using transient temperature charts. There may be a 
slight difference between the two results, however, because of the reading errors of the chart. 
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17-99 A refrigeration system is to cool bread loaves at a rate of 500 per hour by refrigerated air at -30°C. 
The rate of heat removal from the breads, the required volume flow rate of air, and the size of the 
compressor of the refrigeration system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the bread loaves are 
constant. 3 The cooling section is well-insulates so that heat gain through its walls is negligible. 

Properties The average specific and latent heats of bread are given to be 2.93 kJ/kg.°C and 109.3 kJ/kg, 
respectively. The gas constant of air is 0.287 kPa.mVkg.K (Table A-l), and the specific heat of air at the 
average temperature of (-30 + -22)12 = -26°C « 250 K is c p =1.0 kJ/kg. °C (Table A- 15). 

Analysis (a) Noting that the breads are cooled at a rate of 500 loaves per hour, breads can be considered to 
flow steadily through the cooling section at a mass flow rate of 

^ bread = (500 breads/h)(0.45 kg/bread) = 225 kg/h = 0.3056kg/s 
Then the rate of heat removal from the breads as they are cooled from 22°C to -10°C and frozen becomes 
Q bread A7) bread = (225 kg/h)(2.93kJ/kg.° C)[(22 - (-10)]° c = 21,096kJ/h 

^freezing = ("^latent ) bread = (225 kg/h )(l 09.3 kJ/kg) = 24, 593kJ/h 

and Q total = Q bread + ^freezing = 2 1,096 + 24,593 = 45,689 kJ/h 

(b) All the heat released by the breads is absorbed by the refrigerated air, and the temperature rise of air is 
not to exceed 8°C. The minimum mass flow and volume flow rates of air are determined to be 
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17-100 A holding freezer is maintained at -23°C in an environment at 14°C. The amount of electricity and 
money saved per year by increasing the insulation value of the walls to the recommended level of i?-8.5 and 
the percent error involved in the total thermal resistance of the roof in neglecting the convection resistances 
are to be determined. 

Assumptions 1 The convection heat transfer coefficients remain constant. 2 The properties of insulation are 
constant. 3 The thermal resistances of metal plates are negligible. 

Properties The thermal resistance of the wall is given to be R roo f = 4 m .°C/W . 

Analysis The roof area of the freezer is 

A a = (70 m)(22m) = 1540m 2 


The current rate of heat gain through the roof is 

MT 0 ~T t ) (1540m 2 )[14-(-23)°C] 


Q 


current 


I. * i 

+ KaU + 


t +4+ t 

12 30 


= 13,840 W 


m .C/W 


The rate of heat gain through the roof after insulation is installed is 

A 0 (T 0 -T i ) (1540 m 2 )[14 - (-23)°C] 


^insulated 


1 


+ R 


1 


wall , insulated 


1 


1 


= 6613 W 


+ 8.5 
12 30 


m .C/W 


7 wuu +insuiuieu 7 

hi h a 

Therefore, the rates of heat and electricity saved due to insulation are 

£?saved — ^current — emulated = 13,840 -661 3 = 7227 W 
-^electric, saved = ftaved /COP = (7227 W)/1.25 = 5782 W 


Noting that the unit cost of electricity is $0. 07/kWh and assuming year-around continual operation, the 
amount of electricity and money saved per year due to insulation are 

Electricity saved = Electric, saved x (Operating hours) = (5.782 kW)(365 x 24 h/yr) = 50,650 kWh/yr 
Money saved = (Electricity saved)(Unit cost of electricity) = (50,650 kWh/yr)($0. 07/kWh) = $3546/yr 

The total thermal resistance of the roof is 


7? total =— + R ias + — = — + 4 + — = 4.12m 2 .°C/W 
total hi ms h 0 12 30 

If the convection resistances on both sides are neglected, the total resistance would simply be the roof 

resistance, which is R roo{ = 4 m .°C/W . Therefore, neglecting the convection resistances would cause an 

error of (4. 12 - 4.0)/4. 12 = 0.029 or 2.9%, which is acceptable for most engineering purposes. The error in 
the insulated wall case would be half as much. 
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17-101 Milk is to be transported in a cylindrical tank by a truck. It is to be determined if the milk can be 
transported without any refrigeration. 

Assumptions Thermal properties of milk and insulation are constant. 

Properties The thermal conductivity of urethane is given to be k = 0.029 W/m°C. The density and specific 
heat of refrigerated milk at temperatures near 0°C are p m ^ = /? water = 1000 kg/m 3 and c p , mi j k = 3.79 kJ/kg.°C 
(Table A-7). 

Analysis Problems of this kind which involve “checking” are best solved by performing the calculations 
under the worst conditions, with the understanding that if the performance is satisfactory under those 
conditions, it will surely be satisfactory under any conditions. 

We take the average ambient temperature to be 32°C, which is the highest possible, and raise it to 
37°C to account for the radiation from the sun and the pavement. We also assume the metal sheets to offer 
no resistance to heat transfer, and assume the convection resistances on the inner and outer sides of the tank 
wall to be negligible. Under those conditions, the inner and outer surface temperatures of the insulation 
will be equal to the milk and ambient temperatures, respectively. Further, we take the milk temperature to 
be 2°C during heat transfer calculations (to maximize the temperature difference), and take the heat transfer 
area to be the outer surface area of the tank (instead of the smaller inner surface area) which is determined 
to be 


A = 2 A base + A side = 2{ttD 0 2 / 4) + (xD a )L 0 = 2*(2.2 m) 2 / 4 + *(2.2 m)(8 m) = 62.9m 2 
Then the rate of heat transfer through the insulation into the milk becomes 

Q = Jk A^- = (0.026 W/m.° C)(66.3m 2 ) (3? - 2) ° C = 1 908 W 
L ins 0.03m 

This is the highest possible rate of heat transfer into the milk it is determined under the most favorable 
conditions for heat transfer. 

At an average velocity of 60 km/h, transporting the milk 1 600 km will take 

Distance traveled 1600 km 

At = — = = 26.6 h 

Average velocity 60 km/h 


Then the total amount of heat transfer to the milk during this long trip becomes 

Q = QAt = (1,908 J/s)(26.6x 3600s) = 182,710,080 J = 182,710 kJ 

Taking the density of the milk to be the same as that of water (1000 kg/m ) and noting that the thickness of 
insulation is 0.03 m on all sides, the volume and mass of the milk in a full tank is determined to be 

t/ milk =(/zD, 2 / 4)L/ = [^-(2.14 m) 2 / 4](7.94m) = 28.55m 3 
m m in, = pV, m \ Y = (1000 kg/m 3 )(29.55 m 3 ) = 28,550 kg 


Noting that the specific heat of the milk is 3.98 kJ/kg.°C, the transfer of 182,710 kJ of heat into the milk 
will raise its temperature to 


Q = me p (T 2 -7\)— » T 2 =T x 


Q 2° Cl 182,710 kJ 

me p (28,550 kg)(3. 79 kJ/kg.°C) 


3.7°C 


That is, the temperature of the milk will rise from 2 to 3.7°C during this long trip under the most adverse 
conditions, which is well below 5°C limit. Therefore, the milk can be transported even longer distances 
without any refrigeration. 


17-102 .... 17-107 Design and Essay Problems 
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